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ABSTRACT
INTERPRETATION OF NARROW BEAM SONAR ECHOS 
USING A VARIABLE IMPEDANCE SUBBOTTOM MODEL
by
Robert L. Bolus 
U n ivers ity  o f  New Hampshire, December 1980
An underwater antenna c o n s is t in g  o f  an aco u s t ic  parabo lo id  re ­
f l e c t o r  w ith a 12 kHz tran sd u ce r  mounted a t  i t s  focus was designed and 
b u i l t  f o r  remote sensing  o f  the subbottom [1 ] .  Surveys taken with the  3 
degree half-pow er beamwidth p ro je c to r  opera ting  in  a 1/2 ms pulsed mode 
in d ica te d  ho rizon ta l  and v e r t i c a l  r e s o lu t io n s  o f  l e s s  than 1 m with 
p e n e t ra t io n  in to  the  sediments o f  up to  20 m a t  20 m o f  dep th . The 
image d e t a i l  was s u b s t a n t i a l l y  inc reased  over t h a t  taken w ith  a con­
ventional 30 degree p r o f i l e r .
The da ta  was in te rp re te d  using a physical model of the sub­
bottom c o n s is t in g  of plane p a r a l le l  la y e rs  o f  v a r ia b le  impedance over- 
ly ing  those  of monotonically  in c re a s in g  impedance to  a basement of 
g ra n i te  [ 2 ,3 ] .  A signal p rocessing  tech n iq u e ,  e x t r a c t in g  both phase 
and amplitude inform ation  o f  the aco u s tic  echos, was used to  s im ulate  
the d a ta .  The magnitude and phase angle of the  boundary r e f l e c t i o n  
c o e f f i c i e n t s  were c a lc u la te d  allow ing de term ina tion  of p o s i t iv e  or 
negative  changes in  the  c h a r a c t e r i s t i c  aco u s tic  impedance of the  r e ­
sp ec tiv e  l a y e r s .  R e la t iv e  impedance p r o f i l e s ,  p lo t te d  over a region 
where fa c s im i le  graphs in d ica te d  a continuous subbottom la y e r ,  showed a 






The goal of t h i s  d i s s e r t a t io n  i s  to  ob ta in  b e t t e r  inform ation 
about the  ocean f lo o r  and su b -f lo o r  than i s  c u r re n t ly  p oss ib le  through 
acoustic  remote sensing by inc reas ing  the  angular re so lu t io n  of low 
frequency sound sources necessary  fo r  pen e tra t io n  in to  the  sediments.
I f  the  re so lu t io n  can be increased  to  the  po in t where the  beam l i e s  
completely w ith in  the bounds o f  a remotely insonated t a r g e t ,  then th e re  
is  useful inform ation in the phase o f  the echo signal as well as in i t s  
amplitude. This inform ation can be used to  def ine  the  boundaries o f  two 
v e r t i c a l l y  or h o r iz o n ta l ly  ad jacen t t a rg e t s  as well as to  in d ic a te  po s i­
t iv e  and negative  changes in the  r e l a t i v e  acous tic  impedance. A high 
re so lu t io n  aco u s tic  p ro je c to r  and a s ignal processing scheme using both 
phase and amplitude inform ation are  in v e s t ig a ted  to  a t t a in  the  goal.
1.2 Background
The need fo r  d e ta i le d  subbottom inform ation e x i s t s  by the  many 
p ro fess ional e n te rp r iz e s  and federa l agencies who are a c t iv e ly  engaged 
in ocean ven tures.  Among these  are  g e o lo g is ts ,  o i l  and ore p rospec to rs ,  
coas t and geodetic  surveyors, a rc h a e o lo g is ts ,  the  National Oceanic and 
Atmospheric Agency, and the  Environmental P ro tec t ion  Agency. Con­
ventional methods of sensing the subbottom s t ru c tu re  with the  use of 
sound waves are  described by Hersey [4] in the  chap ter  on continuous r e ­
f le c t io n  p ro f i l in g  in  "The Sea". He l i s t s  the  general c h a r a c te r i s t i c s
1
of several acous tic  p r o f i l e r  sources which a re :  approximately 1 ms long
output pulses of near c a v i ta t io n - le v e l  sound p ressu re ,  1% conversion of 
thousands o f  jo u le s  o f  s to red  energy in to  sound energy, and sounding 
r e p e t i t io n  r a te s  on the  order o f  1 s .  Since the  p ro je c to r  ap e r tu re s  are  
no more than 1/3 m and the  s ignal frequency spectrums a re  from 1 to  1000 
Hz, the  acous tic  r a d ia t io n  p a t te rn s  fo r  these  sources a re  om nid irec tiona l .  
Knott and Bunce [5] attempted to  inc rease  the  d i r e c t i v i t y  by using two 
simultaneously timed sources towed from e i t h e r  s ide  o f  a sh ip  and Rona 
e t  a l . [6] in a departu re  from conventional p r o f i l e r  sources increased  the  
d i r e c t i v i t y  by using an a r ray  o f  1 inear-1OOOHz-tunned transduce rs  to  
achieve a 1 by 1.5 rad ian  sound beam. Because the  amount of inform ation 
about the  subbottom s t r u c tu re  i s  l im ited  by the  angular re s o lu t io n  o f  the 
sound beam, th e se  are  considered as im portant f i r s t  s tep s  taken toward 
achieving a b e t t e r  "p ic tu re"  than has p rev ious ly  been o b ta in ab le .
1.3 Improvement of Subbottom Information Detail
The mapping o f  sounding echos in to  r e f l e c t i o n  images has been done 
by modulating the  gray sca le  o f  a fa c s im ile  p l o t t e r  by th e  envelope 
amplitude o f  the  received s ignal [7 ] .  A way to  improve the  d e ta i l  o f  a 
subbottom p r o f i l e  taken along a l in e  i s  to  use a narrower sound beam such 
th a t  the  s iz e  o f  the  l a t e r a l  area from which the  echo re tu rn s  i s  sm aller 
a t  any p o in t ,  and to  ga ther  more inform ation po in ts  along the  l i n e .  Not 
only w ill the  d e ta i l  improve from the  increased  r e s o lu t io n ,  but a lso  the 
s ig n a l - to -n o is e  r a t i o  o f  v e r t i c a l l y  re tu rned  inform ation w ill  improve as 
the angle through which d i f f r a c te d  in te r fe re n c e  s ig n a ls  re tu rn  becomes 
sm aller [3 ] .
The e x t ra c t io n  o f  subbottom s t r u c tu r e  inform ation from the  echos 
has been one o f  the prime problems addressed by an a ly s ts  using d ig i t a l
signal processing techniques [8 ,9 ,1 0 ] .  E f fo r ts  to  date  have been made to  
deconvolve the  m u lt ip le  ro u n d - tr ip  r e f l e c t i o n s  generated w ith in  the  water 
column la y e r  from the  s e r ie s  o f  r e f l e c t i o n s  generated from the  deep sub­
bottom s t r u c tu re s .  This works well where the  topography o f  the  subbottom 
i s  configured in n ear ly  f l a t  gen tly -vary ing  la y e r s ,  however in reg ions 
above r id g e s ,  underwater mountains, scarps and o th e r  ra p id ly  changing 
s t ru c tu re s  the  r e s u l t s  a re  ques tionab le .  With an improvement o f  the  
d i r e c t i v i t y  o f  the  sound source, not only i s  i t  po ss ib le  to  do t h i s  s o r t  
o f  signal processing over rougher topography where several beam widths 
would insonate  a l i n e a r  segment before  a s t r u c tu ra l  change was encounter­
ed, but a lso  vali.d attem pts  may be made to  use the  phase s h i f t  informa­
tion  o f  c a r r i e r  modulated echos which h e re - to - fo re  has had a random 
s o r t  o f  c h a ra c te r .
1.4 The Subbottom Surveyor
Shaping o f  sound beams by r e f l e c to r s  has been t r i e d  and w r i t te n  
about [11 ,12 ,13] .  In p a r t i c u l a r  the  use o f  la rg e  parabolo idal r e f l e c to r s  
fo r  transm ission  o f  sound through the  sea was in v e s t ig a te d  by Gregory 
[14] and used by Kronengold and Toulis  [15].  In o rder  to  cons ider  the  
use o f  r e f l e c to r s  fo r  subbottom sounding, both the  p ro p e r t ie s  o f  the 
propagation o f  sound waves in  m atte r  and the  d i r e c t i v i t y  o f  r e f l e c t io n  
antennas were taken in to  co n s id e ra t io n .  The na tu re  o f  the  propagation o f  
sound waves in to  the  sediments i s  such th a t  they are  a t ten u a ted  about as 
the  f i r s t  power of frequency. On the  o th e r  hand to  d e r iv e  good d i r e c t i v i t y  
from a r e f l e c t o r ,  the  d iam eter must be several wavelengths ac ro ss .  There 
i s ,  th e re fo re  a t r a d e o f f . t o  be made between the physical s iz e  o f  the  r e ­
f l e c to r  and the  frequency o f  opera tion  o f  the  sound source. The advantage
4of using a r e f l e c to r  over a n o n - l in ea r  "param etric" device i s  the  high 
d i r e c t i v i t y  o f  the  r e f l e c t o r  in  both tran sm it  and rece ive  modes, whereas 
cu rren t  ap p l ic a t io n s  of param etric devices achieve high d i r e c t i v i t y  only 
in the tran sm it  mode. The advantage over using an a r ray  o f  sources or 
rece ive rs  i s  th a t  only one t ransduce r  element is  needed. Since no 
a p p lica t io n  o f  r e f l e c to r s  had been made to  subbottom sounding and the 
above advantages e x i s t  over o th e r  methods, the  "surveyor" was b u i l t  as a 
3 m paraboloidal r e f l e c t o r  underwater antenna, opera ting  a t  12 kHz and 
was used to  sense the  subbottom s t ru c tu re .  The experimental d a ta ,  when 
displayed in rea l time on a fac s im ile  p l o t t e r  in comparison with data 
from a conventional p r o f i l e r  opera ting  a t  the  same frequency, showed a 
su b s tan t ia l  inc rease  in re so lvab le  d e t a i l .
1.5 Model Development
With the  improvement o f  the  v e r t i c a l  inform ation con ten t in the  
received echo s ig n a l s ,  i t  was necessary  to  be ab le  to  e x t r a c t  s t r u c tu ra l  
information from them and to  d isp la y  i t  in a meaningful way. The ex­
perimental data  o f  the  fac s im ile  p lo ts  was viewed to  th e o r iz e  what may 
have caused the  p a t te rn s  of l i g h t  and dark seen on them, to  co n s tru c t  
mathematical models o f  the assumed s t r u c tu r e ,  and to  syn thes ize  s ig n a ls  
from them fo r  comparison with the experimental s ig n a ls .  The experimental 
p lo ts  showed in p a r t  a v e r t i c a l  time s e r ie s  composed of several low 
amplitude s in g le  pulse  width echos and several high am plitude, unresolved, 
g re a te r  than s in g le  pulse width echos. The low amplitude pulses were 
assumed to  be r e f le c t io n s  from d is c r e t e  boundaries and the  unresolved 
echos were assumed to  be from a region where the  impedance changed in a 
nearly  continuous way as a function  o f  depth. A combined d i s c r e te  and 
continuous v e r t i c a l  model, based on the R iccati d i f f e r e n t i a l  equa t ions ,
was used to  s im ulate  the  experimental d a ta ,  where the  continuous p a r t  
o f the  model approximated the  echo by assuming higher than f i r s t  o rder  
m ultip le  r e f l e c t i o n s  as n e g l ig ib le .  Because o f  t h i s  and the  f a c t  th a t  
d ig i ta l  computers a re  p a r t i c u la r ly  well su i te d  to  do d i s c r e te  a n a ly s i s ,  
a d is c re te  p la n e - p a r a l l e l - l a y e r  model which counted a l l  m u lt ip le  r e ­
f le c t io n s  was used fo r  a n a ly s is .
Further observa tions  made o f  the  fac s im ile  p lo ts  showed semi­
randomly pos itioned  r e f l e c to r s  in the sediment column with high d e f in i t io n  
o f  subbottom fe a tu re s  when taken with the  3° surveyor, while those taken 
with the  30° p r o f i l e r  over the  same trac k  showed la y e rs  and lo s s  of 
images. To demonstrate th a t  t h i s  was c o n s is te n t  with the  beamwidths 
used, a l a t e r a l  mathematical model was used to  syn thes ize  r e f le c t io n  
s ig n a ls  from a ra ise d  20 m th r u s t  p la te  and an equal l a te ra l ly - s p a c e d  
sequence o f  2 m d isks  embedded in a cons tan t  impedance medium a t  the 
same depth. The r e s u l t s  o f  t h i s  s im ulation showed t h a t  in the  case o f  
insonation with the  3° beam, the d isks  and edges o f  the  th r u s t  p la te  
were well de f in ed ,  whereas in the  case o f  insonation  with the  30° beam 
the image o f  the  d isk s  was smeared in to  a la y e r  and th e  image o f  the  
th ru s t  p la te  was n ear ly  l o s t .  These r e s u l t s  were in c lo se  agreement 
with the  experimental da ta .
1.6 Analysis and I n t e r p r e t a t i o n
The data  was in te rp re te d  in a way to  s a t i s f y  the  assumed f in a l  
lay e r  boundary cond it ion .  The a n a ly t ic  model was found by in v e r t in g  the 
s e lec ted  sy n th es is  model where the  output o f  the  sy n th es is  model became 
the a n a ly t ic  model input and the a n a ly t ic  model outputs  became the 
es tim ation  of the  subbottom parameters [16 ,17 ] .  A d ig i t a l  s ignal 
processing scheme, implementing the  d i s c r e te  model o f  p la n e -p a ra l l e l -
6layers  o f  cons tan t  rea l impedance, used both the  echo envelope amplitude 
information and the  c a r r i e r  phase s h i f t  inform ation to  e x t r a c t  the 
boundary r e f le c t io n  c o e f f i c i e n t  va lues.  The r e s u l t s  of t h i s  processing 
pointed out the  need, e s p e c ia l ly  in the  regions where the  echo pulses 
were unreso lvab le ,  to  i n t e r p r e t  the physical s i tu a t io n  in these  regions 
in a way which would lead to  an accep tab le  s o lu t io n .  The in te r p r e ta t io n  
took the form o f ad ju s t in g  the  boundary r e f l e c t i o n  c o e f f i c ie n t s  w ith in  
the  model to  a l l  be p o s i t iv e  below a c e r t a in  depth where the  l a s t  high- 
amplitude unresolved region o f  echo re tu rn s  were lo c a ted .  I t  was 
assumed th a t  t h i s  was the  region j u s t  p r io r  to  the  g ra n i te  bedrock 
where the  m a te r ia ls  should show a monotonic inc rease  in c h a r a c t e r i s t i c  
impedance because of compacting due to the overburden p ressu re .  To 
achieve the  proper impedance value a t  the  f in a l  boundary, the  sca le  
f a c to r  which was used to  account fo r  the  amount of spherica l spreading 




With an acous tic  antenna i t  i s  p o ss ib le  to  inc rease  the  l a t e r a l  
re so lu t io n  and signal to  no ise  r a t i o  over th a t  o f  conventional p r o f i l e r s  
f o r  remote sensing o f  the  r e l a t i v e  aco u s tic  impedance of the  bottom and 
subbottom. P ossib le  co n figu ra tions  a re :  (1) an a r ra y  o f  a c t iv e
elem ents, (2) one a c t iv e  element and a r e f l e c t o r ,  and (3) one ac t iv e  
element operated in a n o n - l in ea r  mode to  achieve a pseudo a r ray  [20,21, 
22]. The f i r s t  con figu ra tion  was not used because of the  number o f  
a c t iv e  elements needed a t  1/2 wavelength spacing fo r  an antenna with 
narrow beam width. For example, 100 elements a re  needed in a 5 wave­
length  diam eter a r ray  f o r  an angular re s o lu t io n  of 12 degrees. The 
th i rd  con figu ra tion  was not used because o f  the  low e f f ic ie n c y  ( le s s  
than 1%) o f  mixing the  two primary frequenc ies  in  water which form the 
pseudo a r ray  a t  the d if fe re n c e  frequency. The narrow beam i s  l o s t  
completely a t  recep tion  because the signal to  no ise  r a t i o  i s  a t  too 
low a level to  recover the  s ignal a f t e r  low e f f ic ie n c y  mixing, le s s  
than 1%. In order  to  p ro je c t  to  and rece ive  from a small spot in the 
acous tic  f i e l d  with as few elements as p o s s ib le ,  a s in g le  paraboloid 
r e f l e c to r  with a sound transduce r  mounted a t  i t s  focus was chosen as 
shown in Figure 2 .1 .  A photograph o f  the  working antenna mounted on 
the research  veh ic le  a t  the  t e s t  s i t e  i s  shown in  Figure 2 .2 .
An approximate mathematical an a ly s is  may be used fo r  the 
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Figure 2.1 - Parabolo id  with Transducer a t  Focus
F igure 2 .2  -  Antenna a t  T es t  S i t e
9P rin c ip le  s t a t e s  th a t  the  d is tu rbance  a t  a p o in t  P in  a ra d ia t io n  f i e l d  
can be found by summing the  spherica l wave c o n tr ib u t io n s  from a l l  secondary 
sources loca ted  on a su rface  a which surrounds the  primary source S 
[23]. By a Huygen's c o n s tru c t io n ,  as in  Figure 2 .3 ,  i t  can be shown 
th a t  a p arabo l ic  r e f l e c t o r  converts  a spherica l wave em itted  from i t s  
focus to  a plane wave leaving the  paraboloid  w ith in  the  region bounded by 
the r e f l e c t o r ' s  su rface  and a plane across  i t s  opening. The ap e r tu re  a t  
the opening can then be considered as a c i r c u l a r  p is ton  r a d ia to r  with a 
source d i s t r i b u t io n  determined from the  beam p a t te rn  o f  the  t ransduce r  
insonating  the  parabolo id .
The mathematical a p p l ic a t io n  o f  Huygen's P r in c ip le ,  K irch o ff 's  
In teg ra l Formula, i s  used to  f ind  the  f i e l d  r a d ia t io n  p a t te rn ,
p ( r h j / A b ( r ' ) ( e " J *<s/ s )  q ( e ) r 'd r " d '  ___  (2 .1)
where
q(e) = ( l+ cose) /2  is  the  o b l iq u i ty  f a c to r  o f  the  secondary 
source,
b ( r ' )  i s  the beam p a t te rn  o f  the  primary source , and e" jk s / s  
i s  the  spherica l propagation f a c to r  fo r  the 
secondary sources [24].
Figure 2 .4  shows the  geometry o f  the  f i e l d  c a lc u la t io n  and def ine s  the 
space v a r ia b le s .  The f i e l d  may be divided in to  two p a r t s .  The Fresnel 
or n e a r - f i e ld  i s  found where the phase angle o f  the  rad ia ted  wave from 
any secondary source v a r ie s  over many cycles  as the  f i e l d  p o in t  moves over 
one ap e r tu re  d is ta n ce  p e rp in d icu la r  to  the  ra d ia l  ax is  and the  Fraunhoffer 
or f a r - f i e l d  i s  found where the  phase angle v a r ie s  le s s  than one cycle 
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Figure 2 .4  - Geometry fo r  Radiation F ie ld  C alcu la tion
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from a l l  secondary sources a t  a po in t in the  Fresnel f i e l d  f lu c tu a te s  
rap id ly  from high to  low in t e n s i ty  over one ap e r tu re  d is ta n ce  from the 
rad ia l  a x i s ,  whereas the  r e s u l t a n t  summation in the  Fraunhoffer f i e l d  
varies  smoothly in i n t e n s i ty  over the  same d is ta n ce  with a maximum on the 
rad ia l  a x i s .  The phase angle is  determined by ks, 
where
s = [ r 2 + r ' 2-2 rr"cos  ( r . r " ) ] 1^2 (2 .2)
and the  amplitude is  p roportional to  1 /s ,  
where
1 /s  ^  1 / r
is  an adequate approximation. The n e a r - f i e ld  i s  found by numerical 
in te g ra t io n  o f  K irc h o ff 's  Formula using the  binomial expansion o f  s in 
the phase express ion ,
s ^  r  + ( r ' 2- 2 r r >s in e c o s e ' ) / 2 r  (2 .3)
which i s  q uad ra t ic  in r ' . The f a r - f i e l d  i s  found by making the  fu r th e r
approximation in the phase express ion ,
s ^ r - r ' s i n e c o s e '  (2 .4)
which i s  l i n e a r  in  r '  [24].
Since the sediments a t te n u a te  sound roughly p roportional to  the  
f i r s t  power o f  frequency, low frequencies  on the  o rder  o f  200 to  6000 Hz 
are conven tionally  used in subbottom sounding [4 ] .  This means th a t  e f f o r t s  
to  achieve high d i r e c t i v i t y  r e s u l t  in p h y s ica l ly  la rg e  r a d ia t in g  devices. 
For example, the  sonic wavelength a t  6000 Hz in  w ater i s  25 cm., 
where
A = c / f  ( 2 . 5 )
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i s  the  wavelength. For a 1 degree half-power beamwidth, the  aper tu re  
diameter o f  the  r a d ia t in g  source becomes 15 m a t  6000 Hz and la rg e r  a t  
the lower f req u en c ies ,  
where
4 = A/D (2 .6)
is  the  -3 dB beamwidth o f  the  f a r - f i e l d  p is t io n  source. As high 
d i r e c t i v i t y  i s  achieved, the  boundary between near and f a r  f i e l d s  moves 
to  la rge  d is ta n ces  from the source, 
where
r bound * ^  <2 -7 >
is  commonly given as the  boundary d is ta n ce  [25].  Using the  numbers in 
the example considered above, i^ q, ^  i s  900 m. I t  becomes im portant to  
f ind  the  exact d is ta n ce  from the  r a d ia t in g  ap e r tu re  to  the  p o in t  in the  
f i e ld  where the  sound i s  focused fo r  optimum design of shallow w ater sub­
bottom sounders.
A numerical study o f  the  near f i e l d  o f  underwater p is ton  sources 
has been made by Zemanek [26] fo r  the  range o f  values (2 < D/A < 40).
The r e s u l t s  o f  t h i s  study are  t h a t  f o r  t h a t  range o f  values and D/A 
ex trapo la ted  to  l a rg e r  va lues ,  th e re  is  a minimum - 3 db spo t s iz e  
located  a t ,
rmin = 3/16 °2/X (2 ,8)
in the r a d ia t io n  f i e l d  with a diam eter o f ,
d = 1/8 D (2 .9 )
This d is ta n ce  i s  apprec iab ly  le s s  than the  n e a r - f a r  boundary d is ta n ce  
and the  spot s iz e  th e re  is  le s s  than the n e a r - f a r  spot s iz e .
Equations 2 .5 ,  2 .6  and 2 .8  can be used in the design o f  the
13
antenna. By spec ify ing  any two v a r ia b le s ,  the  o th e r  th ree  a re  then 
determined. For example, in the cu r ren t  design a 3 m r e f l e c t o r  was 
chosen a t  an opera ting  frequency of 12 kHz. The angular re so lu t io n  
was then determined to  be approximately 3 deg. and the  minimum depth o f  
operation  was f ix ed  a t  13.5 m. An a l t e r n a t iv e  method of design would 
be to use the  nomogram r e la t in g  equation 2 .5 ,  2 .6 ,  2 .8  shown in  Figure 
2.5 . As an example as one lowers the  frequency to  1 kHz fo r  b e t t e r  
sediment p e n e t ra t io n ,  a la rg e  r e f l e c t o r ,  30 m, i s  requ ired  fo r  the  same 
angular re so lu t io n  o f  3 degrees. The minimum depth o f  opera tion  is  then 
fixed a t  116.5 m eters , which no longer allows opera tion  in shallow water 
depths, i . e .  le s s  than 100 fe e t .
The lo c a t io n  of the  focal p o in t  o f  the  parabolo id  with re sp ec t  to  
i t s  opening i s  r e la te d  to  the F number o f  the  r e f l e c t o r ,  which i s  the
r a t io  of focal d is ta n ce  to  diameter [13 ,27 ] ,
dum ber ’  <2 ' 10>
The F number i s  chosen on the basis  th a t  most o f  the  c e n t ra l  lobe o f  the  
f ie ld  p a t te rn  o f  the transducer  mounted a t  the focus be in te rcep ted  by the  
paraboloidal su rface .  By r e f e r r in g  to  the  nomograph in Figure 2 .6  fo r  a 
p is ton  source, the  t o t a l  in te rcep ted  angle fo r  the  -10 dB beamwidth of 
the  MASSA TR-63 transduce r  used, i s  found to  be 60 degrees. Since
tan  <(> ^ (2.11)
fo r  a shallow parabo lo id ,  and tan 30 deg i s  approximately .5 ,  then z i s  
equal to  D and an F number of 1 i s  s u f f i c i e n t  fo r  r e f l e c t i o n  o f  the  major 
ra d ia t io n  lobe.
A case study of the ra d ia t io n  f i e l d  fo r  the  experimental con­
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Figure 2 .5  - Nomograph f o r  Antenna Aperture
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F ig u re  2 .6  -  Nomograph f o r  P is to n  Transducer [2 0 ]
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found in Appendix A. A 25a  ap e r tu re  diameter and a uniform source 
function which approximated the  rea l  d i s t r i b u t io n  were used. Radiation 
pa t te rn s  along the  ax is  in the v i c in i t y  o f  the  l a s t  near f i e l d  null and 
maximum are  p lo t te d  in Figure 2 .7 .  Cross ax is  p lo ts  a re  shown in  Figure
2.8 fo r  the  uniform d i s t r i b u t io n  a t  the  l a s t  maximum where,
rmax * ‘ 2 - 1 2 >
(2.13)
The -3 dB spot diam eter a t  the  maximum, determined to  be 7\  from th e  p lo t ,
can be reduced to  3a  by moving 40a  c lo s e r  to  the  source , r e f e r  to
equations 2.8 and 2 .9 .  When th i s  e f f e c t  i s  taken in to  account, the 
minimum depth o f  operation  fo r  the  antenna i s  approximately 15 meters.
An aco u s tic  coa ting  was applied  to  the  su rface  o f  the  paraboloid  
to  inc rease  i t s  r e f l e c t i v i t y  to  near u n ity .  The r e f l e c t i o n  c o e f f i c i e n t  
a t  a boundary between two media i s :
C-| = (z 2~z i ) / ( z2+zi )» (2.14)
where
z = p c (2.15)
is  the c h a r a c t e r i s t i c  aco u s tic  impedance, 
p i s  the  d e n s i ty ,  and
c i s  the  v e lo c i ty  o f  propagation [25].
The r e f l e c t io n  c o e f f i c ie n t  fo r  an a i r -w a te r  boundary can be compared 
with th a t  fo r  an aluminum-water boundary when d e n s i t i e s  and propagation 
v e lo c i t i e s  a re  known. The inform ation in Table 2.1 shows th a t  the  a i r -  
water in t e r f a c e  r e f l e c t s  over 90% of  the in c id en t  wave as compared with 
about 80% fo r  the  aluminum-water in te r f a c e .  With t h i s  as the  goa l ,  a 
1 cm la y e r  o f  an a i r  foamed neoprene, Rubatex, was used as the  acous tic  













Figure 2 .7  -  Antenna Axial Radiation P lo t
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( ra y ls )
R eflec tion  
C o e ff ic ie n t  
( re  H20)
a i r 1.293 331.6 428 0.93
water 1000 1500 1.5x l06 0.0
A1uminum 2700 6300 17x106 0.83
Table 2.1 -  Acoustic P ro p e r t ie s  o f  A ir ,  Water, A1 [25]
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2.2 E lec tron ics
The following co n s id e ra t io n s  were used in designing th e  e le c t ro n ic
system:
(1) p o r tab le  o p e ra t io n ,
(2) maximizing the  e l e c t ro n ic  signal to  noise r a t i o ,
(3) minimizing power consumption,
(4) minimizing aco u s tic  sources o f  n o ise ,
(5) several hours o f  opera tion  before recharging b a t t e r i e s ,  and
(6) u t i l i z i n g  as f a r  as possib le  e x i s t in g  equipment and designs 
a v a i la b le  [28].
Following these  p r in c ip le s ,  le ad -ac id  c e l l  12 v o l t  b a t t e r i e s  were used 
fo r  power, the  d r iv e r  and re c e iv e r  p re -a m p li f ie r  o f  conventional design 
were located  in  c lo se  proximity to  the  sound t ran sd u ce r ,  a l l  s o l id - s t a t e  
design was used throughout, a c ry s ta l  c o n tro l le d  synchronous tim er was 
used fo r  exac t reproduction  of wave-forms, and a s tandard  fac s im ile  
graphics reco rder and magnetic tape  reco rder  were used. The e le c t ro n ic s  
are  described as two subsystems:
(1) an underwater t r a n s m i t t e r  and re c e iv e r  in te r f a c in g  with the 
tran sd u ce r ,  and
(2) a con tro l and recording su rface  system under opera to r  
contro l [1 ] .
A block diagram of  the  underwater e le c t ro n ic s  i s  shown in 
Figure 2.10. The tran sd u ce r ,  a MASSA TR63 was energized a t  a 1 to  4 Hz 
ra te  with a .5 to  2 ms pulse width of a 12 kHz square wave c a r r i e r .  To 
minimize c ross-coup ling  a low level d r ive  signal was sen t from the  su r­
face along with the  t ra n s m it / re c e iv e  (T/R) enable s ig n a l ,  DC power, and 
echo s ig n a ls  in a s in g le  cab le .  The T/R switch p ro tec ted  the  rece iv e r
19
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by switching 60 dB o f  a t ten u a t io n  in to  the  re c e iv e r  path when the  t r a n s ­
ducer was energ ized . The d r iv e r  am plified  the  d rive  vo ltage  to  a 150 
v o lt  square wave level and a 2100 p f  c a p a c i to r  supplied the  energy needed 
to  pulse the  25 ohm AC load a t  .8 kW. A 1:8 step-up  transform er was used
to  inc rease  the  voltage to  the  maximum d r iv e  level c o n s is te n t  with the
lead z i r c o n i te  c r y s ta l s  in  the  transduce r  which had a nominal load 
re s is ta n c e  o f  1600 q a t  12 kHz. A f te r  8 ms the  tran sm it  enable signal 
went low and the  T/R switch connected the  transduce r  d i r e c t ly  to  the 
rece iv e r  to  maximize the  echo s ignal rece p tio n .  The re c e iv e r  pre-amp 
was a low no ise  d i f f e r e n t i a l  in s trum enta tion  a m p l i f ie r  which provided 
gain a t  the  tran sducer  before the  signal was sen t to  the  su rface .  A 
photograph o f  the  transduce r  with i t s  e le c t ro n ic s  and w aterproof compart­
ment i s  shown in Figure 2.11.
A block diagram o f  the  con tro l and recording e le c t ro n ic s  is  shown
in Figure 2 .12. Two 12 v o l t ,  72 amp-hour b a t t e r i e s  supplied  th e  power.
A c ry s ta l  clock o s c i l l a t i n g  a t  144 kHz provided s ta b le  and synchronous 
timing to  the  system. The clock frequency was counted down to  provide 
the 12 kHz s ignal c a r r i e r ,  a continuous 12 kHz re fe rence  s ig n a l ,  the 
time in te rv a ls  fo r  pulse w id ths ,  T/R enab le ,  r e p e t i t i o n  r a t e s ,  and a 60 
Hz signal used to  sychronize a power in v e r t e r  t h a t  supplied  power to  the 
facs im ile  and tape reco rd e rs .  The echo was fu r th e r  am plified  in the 
surface  e le c t ro n ic s  by ad ju s t in g  the  signal gain in a continuous or 
d is c r e te  s tep  fash ion  before going to  the  reco rd e rs .  A p o rtab le  o s c i l l o ­
scope allowed visual observation  o f  the  echo in real time fo r  level 
s e t t in g  to  1 v o l t  pk-pk in to  the  tape recorder .  Several con tro l modes 
allowed automatic switching sequences of d r ive  and rece ived  s ig n a ls .
They were:
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Figure 2.11 -  Transducer, E le c tro n ic s  and Waterproof Housing





















F ig u re  2 .1 2  -  B lock D iagram  o f  C o n tro l & R ecord ing  E le c tr o n ic s
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(1) a l t e r n a t in g  c a r r i e r  frequency between 10 and 12 kHz,
(2) a l t e r n a t in g  re c e iv e r  gain from low to  h igh, and
(3) combinations o f  those  two.
The 12 kHz re fe rence  was frequency m ultiplexed with two inc linom eter 
s ig n a ls ,  to  in d ic a te  the  o r ie n ta t io n  o f  the  antenna, a t  600 Hz and 2400 
Hz before going to  th e  tape  reco rd e r .  A photograph of the  con tro l and 
recording e le c t ro n ic s  a t  the  t e s t  s i t e  a re  shown in Figure 2 .13.
2.3 Mechanical
The research  vessel and mechanical con f ig u ra tio n  o f  the  ex­
perimental equipment i s  shown in Figure 2.14 a t  the  t e s t  s i t e .  The r e ­
search vessel i s  a double pontooned, decked c r a f t  with A-frame winch and 
h o is t ,  and p rov is ions  f o r  s e l f  p ropulsion . The r e f l e c to r  antenna is  
shown being deployed over the s te rn  of the v e s se l .  I t  p ivoted around 
a s p e c ia l ly  designed double hinged frame as i t  was winched in to  the  water 
to a v e r t i c a l l y  down d ire c te d  p o s i t io n  [29]. A conventional 30 degree 
p r o f i l e r  was a t tached  to  the  vessel by an aluminum support member shown 
outboard a t  the  bow. In o rder  to  move ex te rna l sources o f  acous tic  
noise away from the antenna and p r o f i l e r ,  a Boston Whaler, seen in the 
l e f t  background, was used to  tow the  vessel through the  w ater. I t  was 
found th a t  the  antenna maintained a s ta b le  o r ie n ta t io n  in  the  w ater a t  
speeds up to  .5 m/s.
Figure 2.13 -  Control & Recording E le c tro n ic s  a t  T es t  S i t e
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Experimental data  was taken during the  summers o f  1977 and 1978 
a t  the UNH Ocean Modeling F a c i l i t y  a t  Lake Winnepeasaukee, N.H. A 
navigation c h a r t  o f  the  t e s t  range with marked c ru is e  courses i s  shown 
in Figure 3 .1 .  The water depths ranged from 13 to  30 meters with 
observed sediment depths from 1 to  16 meters. Two types o f  data  were 
taken:
(1) f ixed  p o s i t io n  data  where the  research  vessel was anchored
and the  antenna system, surveyor, was te s te d  fo r  r e p e a t a b i l i t y ,  
and
(2) cons tan t  speed data  over s t r a i g h t  l in e  t r a n s e c t s  between 
marker bouys where subbottom surveys o f  in t e r e s t in g  s t ru c tu re  
and maximum depth o f  sedim entation were in v e s t ig a te d  [1 ] .
Several d i f f e r e n t  experimental co n f ig u ra tio n s  were used:
(1) opera ting  the surveyor with gain switching between low and 
high,
(2) opera ting  a conventional 30 degree p r o f i l e r  over the  same 
course , and
(3) opera ting  both surveyor and p r o f i l e r  over the  same course a t  
the same time by time m ultip lex ing  t ran sm it  and echo s ig n a ls .
In a l l  cases the  echo data  was input to  a fac s im ile  reco rder  fo r  rea l 
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Figure 3.1 -  Chart o f  Test S i te  with Data Transects
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3.2 Data
Figure 3.2 shows data  taken a t  a f ixed  p o s i t io n  t e s t  s i t e .  There 
are  th ree  echo amplitude envelopes taken consecu tive ly  while anchored in 
calm weather c o n d it io n s .  These were generated from the  tape  recorded 
data by sampling, d i g i t i z i n g ,  and demodulating them with a d ig i t a l  signal 
processing scheme. They show good r e p e a ta b i l i ty  from echo to  echo over a 
1 second time in t e r v a l .  This v e r i f i e d  the  opera tion  o f  the  surveyor fo r  
c o n s is te n t  insonation  o f  a small area of the  bottom and subbottom.
Data was taken over several t r a n s e c t s ,  but the  most in te r e s t in g  
appear to  be over courses C, D and E, between Diamond Is land  and R a t t le ­
snake Is land .  The data  in Figures 3 .3 and 3 .4  were taken over C and D 
re sp e c t iv e ly  with the  surveyor. The t r a n s m i t t e r  pu lse  occurs a t  the  top 
o f  the  f ig u re  followed by a s t r i a t e d  area which i s  due to  r e f l e c to r  to  
transducer  rev e rb e ra t io n s .  A l i g h t  area follows over which no sound 
re tu rn s  to  the  re c e iv e r  as the  sound t r a n s i t s  the  w ater column followed 
by ind ica ted  bottom and subbottom echos. The v e r t i c a l  s c a le  between 
marker l in e s  i s  6 ms one-way trav e l  time in  water and the  horizon ta l 
sca le  i s  6 m fo r  the leng th  o f  the  marker l i n e  corresponding to  a tow 
speed o f  .5 m/s. Note the  image c l a r i t y  and the  ex is tan ce  o f  both 
horizon ta l and v e r t i c a l  s t ru c tu re s  in the subbottom. For in s ta n ce ,
Figure 3 .3 shows a v e r t i c a l  s t r u c tu re  approximately a t  a q u a r te r  o f  the 
way through the  t r a n s e c t .  Both p ro f i l e s  c l e a r ly  show the  ex is tan ce  o f  
two major d iscontinuous la y e rs  near the  bedrock. Above th e se  the  sub­
bottom echos form a p a t te rn  in d ic a t in g  an aggregation o f  s c a t t e r e r s  
which i s  d i f f e r e n t  from a model o f  smoothly layered  media [30] .  Cores 
were taken on another p ro je c t  were found to  in d ic a te  only the  presence 
of a vegeta tional ooze in the  subbottom with no d e f in i t e  layered  s t r u c tu re .
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Figure 3 .2 -  Fixed Position Repeatable Echos
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F ig u re  3 .3  -  P r o f i l e  w ith  H igh  r e s o lu t io n  3 Deg. Beam Antenna
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Figure 3 .5 shows data  taken over the  D t r a n s e c t  with the  30 deg. 
tran sd u c e r ,  MASA TR63, pointed down and no r e f l e c to r .  The data  show the 
hyperbolic a rcs  formed by d i f f r a c te d  waves from sharp edge o b je c ts  and 
show s t r i a t i o n s  in  the  sediment column, in d ic a t in g  th a t  the  s c a t t e r in g  
aggregations  o f  the  previous graphs have been averaged by the  wide beam 
in to  pseudo-layers . The id e n t i t y  o f  s t r u c tu re s  w ith in  the  sediment 
column o r  a t  the  basement rock leve l i s  l o s t  in the long rev e rb e ra to ry  
t a i l  caused by wide angle r e f le c te d  and d i f f r a c te d  waves. This t a i l  i s  
ev iden t below th e  basement rock in Figure 3.5 when compared to  the  sharp 
cu t  o f f  below the  basement rock in Figure 3 .4 .
A time m ultip lex ing  scheme was used to  opera te  both the  surveyor 
and a 30 deg. p r o f i l e r ,  ORE Model 1032 p r o f i l in g  system, sim ultaneously 
over the  same t r a n s e c t .  A comparison o f  narrow beam to  wide beam data  
was made fo r  a b e t t e r  in t e r p r e ta t io n  o f  sediment form ations. Data was 
taken in  the  following p laces :
(1) reg ions  showing sedimentary la y e rs  with the  wide beam and 
th in  s c a t te r in g  aggregations  with the  narrow beam,
(2) reg ions showing s t ru c tu ra l  images with the  narrow beam, and
(3) reg ions showing th ic k  s c a t t e r in g  aggregations in th e  sediment 
column with the  narrow beam.
Field  d a ta ,  taken in rea l time over course t r a n s e c t  E i s  shown 
in Figures 3.6 and 3 .7 .  Each f ig u re  rep re sen ts  two complete d is p la y s ,  
where:
(1) the  top h a l f  o f  the  graph i s  data  taken with the  3 deg. 
surveyor, and
(2) the  bottom h a l f  is  data  taken sim ultaneously  with the  30 deg. 
p r o f i l e r .
Figure 3 .4  -  P ro file  with High Resolution 3 Deg. Beam Antenna
F ig u re  3 .5  -  P r o f i l e  w ith  C o n v e n tio n a l 30 Deg Beam T ran sd u ce r
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Looking a t  any o f  the  d isp la y s ,  the  t r a n s m i t t e r  pulse occurs a t  the  top 
followed by a s t r i a t e d  region in d ic a t in g  rev e rb e ra tio n s  in the  system. 
These a re  due to  m u lt ip le  r e f le c t io n s  between the  a i r  water in te r f a c e  
and the  p r o f i l e r ,  and m ultip le  r e f le c t io n s  between the  r e f l e c t o r  antenna 
and i t s  t ransduce r .  A c le a r  area follows where no sound has re tu rned  
followed by ind ica ted  bottom and subbottom r e f l e c t i o n s .  The v e r t i c a l  and 
horizon ta l s ca le  i s  the  same as befo re ,  6 ms v e r t i c a l  and 6 m h o r iz o n ta l .
Figure 3 .6 (top) shows a region in  the  l e f t - h a l f  o f  the  graph 
where the  narrow beam echos from a th in  aggregation  o f  i r r e g u la r  shapes 
in the  sediment column. Figure 3 .6 (bottom) shows apparent la y e rs  in ­
d ica ted  by the  wide beam throughout the  sediment column. Since the  wide 
beam c o l l e c t s  inform ation over a la rg e  a re a ,  a segmented aggregation of 
s c a t t e r e r s  could be averaged in to  a la y e r ,  whereas the  narrow beam would 
in d ica te  each s c a t t e r e r  independently w ith in  i t s  r e s o lu t io n .
Figure 3.7 (top) shows a d is c o n t in u i ty  halfway through the  track  
in the  basement a re a ,  where 20 meters o f  i t  i s  th r u s t  up above the  su r­
rounding f lo o r .  In the  r ig h t  h a l f  o f  the  graph, th e re  i s  a th ick  aggre­
gation  o f  s c a t t e r e r s  ind ica ted  above a continuous f lo o r .  Figure 3.7 
(bottom) does not show the  presence of these  s t r u c t u r e s ,  but i s  masked by 
the  long rev e rb e ra to ry  t a i l  due to  wide beam angular r e f le c te d  and 
d i f f r a c te d  waves which a re  received  a f t e r  the  v e r t i c a l  echo fo r  th a t  
depth.
3.3 D ig ita l Demodulation
Although the  facs im ile  graph p resen ts  a rea l time p r o f i l e  along 
the  c ru is e  t r a c k ,  some o f the  signal i s  l o s t  o r  d i s to r t e d  because of the 
l im ited  number o f  gray sca le  shades and the demodulation technique. A
Figure 3.6 -  Transect E P rofile: 3 Deg. Beam (top ). 30 Deg. Beam (bottom)
Figure 3 .7  -  T ransec t E P r o f i l e :  3 Deg. Beam ( top ) 
30 Deg. Beam (bottom)
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s in g le  diode, used to  demodulate the  s ig n a l ,  r e s u l t s  in the  lo s s  o f  low 
level s ig n a ls  and an RC f i l t e r ,  following i t ,  causes back edge f i l l - i n  
due to  the  time con s tan t .  There are  about 10 d i s t i n c t  shades o f  gray 
allowing a 10:1 amplitude q u a n t iz a t io n ,  whereas by observing the  raw echo 
signal as in  Figures 3 .8  and 3 .9 ,  a r a t i o  o f  100:1 i s  p o ss ib le .  Figure
3.8 i s  a s in g le  modulated echo from the 3 deg. surveyor and Figure 3.9  
is  a s in g le  modulated echo from the  30 deg. p r o f i l e r .  A d ig i t a l  de­
modulation scheme was used to  f ind  the  modulating signal from these  echos 
with increased  d e ta i l  over th a t  achieved by analog methods.
In o rder  to  use the a v a i la b le  analog to  d ig i t a l  converte r  i n t e r ­
facing with the  DEC-10 computer, i t  was necessary  to  t r a n s l a t e  the  max. 
s ignal frequency p resen t o f  16 kHz to  l e s s  than twice the  maximum sampling 
r a te  a v a i la b le .  Since th i s  was approximately 12 kHz per channel f o r  the  
two channels being d ig i t i z e d ,  the  analog data  tapes  were reproduced a t  a 
4:1 speed reduction  which lowered the  maximum signal frequency p resen t 
from 16 kHz to  4 kHz. The s ig n a ls  were p r e f i l t e r e d  with a 5 kHz, 90 dB 
r o l l o f f  low pass f i l t e r  to  avoid a l ia s in g  the  data  by l im it in g  the  input 
spectrum. The data were sampled, passed through the  analog to  d ig i t a l  
converte r  and s to red  on 9 trac k  magnetic tape  in a high d en s i ty  packing 
format [31].
A s e r ie s  o f  computer programs were used fo r  handling the  d ig i t i z e d
da ta .  The process was to  unpack the d a ta ,  f in d  the  transm it  p u lse ,  r e ­
move in terven ing  zeros between i t  and the  echo, and s o r t  the  echo s ig n a ls
in to  an o rd e r ly  numbered computer f i l e .  A 1024 p o in t record o f  each
echo frame was used in the d ig i t a l  demodulation scheme to  ob ta in  the  
envelope o f  the  signal over 20 ms which was s u f f i c i e n t  to  completely d i s ­
play the  echo time s e r i e s .  The programs used fo r  unpacking, synchronizing,
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Figure 3.8 - Single Echo Taken with 3 Deg. Beam Surveyor
Figure 3.9 - Single Echo Taken with 30 Deg. Beam Profiler
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s o r t in g ,  and s to r in g  o f  the  d ig i t a l  data in to  f i l e s  a re  found in Appendix 
B.
The following d ig i t a l  demodulation process was used. A 1024 
po in t echo record was transformed from the  time domain in to  the  frequency 
domain by a Fast F ourier Transform (FFT),
• tr.
S(o).) = I  s ( t k) e 1 k . (3 .1)
k
The Fourier  Transform o f  the  a n a ly t ic  signal was found by,
A(oj) = 2S(o>), oj>0 (3 .2)
= 0 , uj<0 .
The inve rse  FFT o f  the  a n a ly t ic  signal spectrum was taken to  ge t the 
a n a ly t ic  time s ig n a l ,
a ( t )  = s ( t )  + j h ( t ) ,  (3 .3)
where
h ( t )  i s  the  H ilb e r t  Transform o f  s ( t ) .
The envelope o f  the time s e r ie s  was found by tak ing  the  magnitude of the  
a n a ly t ic  s ig n a l ,  [32, 33, 34]
| a ( t ) |  = [ s ( t ) 2 + h ( t ) 2] 1/2 . (3 .4)
The d ig i t a l  demodulation programs a re  found in Appendix C.
The r e s u l t s  o f  d ig i t a l  demodulation on a s in g le  frame of a wide 
and narrow time s e r ie s  echo is  shown in Figures 3.10 and 3 .11. These 
allow a more d e ta i le d  examination o f  subbottom echo s t r u c tu re  than the  
facs im ile  graphs do. For example, low amplitude pulses  due to  r e f le c t io n s  
in the  sedimentary column are  seen and the  wide black regions a t  the  
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Figure 3.10 -  Envelope Magnitude o f  Wide Beam Echo
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F ig u re  3 .11  -  Envelope M agnitude o f  Narrow Beam Echo
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s e r ie s  and several unreso lvable  pulses in the  narrow beam s e r i e s .  Re- 
verbera to ry  t a i l s  a re  seen following the  basement echos o f  about 1 ms in 
the narrow beam s e r ie s  and 6 ms in the  wide beam s e r i e s .
3 .4 Discussion
From observation  o f  the fac s im ile  graphs o f  Figures 3 .6 and 3 .7 ,  
an improved p ic tu re  o f  the subbottom i s  given from surveyor data  over 
p r o f i l e r  d a ta .  Images which are  c l e a r ly  defined in the  narrow beam graphs 
are  l o s t  in  the  wide beam graphs. The t r a j e c t o r y  o f  echo re tu rn s  from
sharp edge o b je c ts  form hyperbolas as the  beam moves h o r iz o n ta l ly  over
them which in t e r f e r e  with the  v e r t i c a l  echos from new ta r g e t s .
Some a n a ly t ic a l  c a lc u la t io n s  can be made o f  the  excess two-way 
t ra v e l  time and d is ta n ce  fo r  a 30 deg. half-beam angle source and shown 
to  agree with co -o rd in a te  measurements o f  the  hyperbolas in the  wide 
beam d a ta .  Consider th a t  the  v e lo c i ty  o f  propagation through the  s e d i­
ment i s  near th a t  in  w ater. Then fo r  a 30 deg. t r i a n g le  and a depth to  
the  bedrock o f  40 m eters , as shown in Figure 3 .12 , the  excess d is ta n ce  i s :
S-d -x. 1/7 d = 5 .7 m . (3 .5)
This d is ta n ce  would show up as the  maximum v e r t i c a l  displacement co­
o rd in a te  on the  hyperbolas and the corresponding horizon ta l co -o rd in a te  
i s :
S/2 * 4/7 d = 23 m. (3 .6)
From a few measurements on the  s e r ie s  o f  hyperbolas which pass through 
the edge o f  the  basement t h r u s t  p la te  in Figure 3 .7 ,  one can v e r i fy  th a t  
the  above ca lc u la te d  co -o rd ina tes  a re  reasonably c lo se .  The reverbera to ry  
t a i l  following the  bedrock in the  wide-beam data may a lso  be explained 
by c a lc u la t in g  the  excess two-way t ra v e l  tim e,




At = Z^ = 41. = 7 .6  ms. (3 .7)
This agrees reasonable c lo se ly  to  the  measurement o f  6 ms made from 
Figure 3.10.
Within the  sediment column the  narrow beam data shows th in  
aggregations o f  s c a t t e r e r s ,  while the  wide beam in d ic a te s  la y e rs .  To 
explain  t h i s  phenomena, i t  i s  necessary  to  model the  subbottom and simu­
l a t e  the  da ta .  The d ig i t a l  demodulation process provides envelopes of 
s u f f i c i e n t  d e ta i l  fo r  comparison with modeling work [ 2 ,3 ] .  These en­
velopes should provide improved graphical d e ta i l  over th a t  provided by 
the  s tandard  fac s im ile  graphs.
The experiment shows th a t  f o r  high re so lu t io n  subbottom sensing 
and b e t t e r  model in t e r p r e ta t io n ,  i t  i s  necessary  to  use two dimensional 
l a t e r a l  inform ation in depth. The d i f f i c u l t i e s  o f  p rec ise  navigation  
(w ithin a f r a c t io n  o f  a wavelength) a t  sea along with the  presence o f  
wind and wave in te r fe re n c e  preclude successfu l two dimensional sy n th e t ic  
ape rtu re  methods. Therefore , i t  i s  necessary  to  inc rease  the  l a t e r a l  




4.1 Derivat ion Methods
Mathematical models were der ived and used in the ana ly s i s  o f  the 
experimental da ta .  The de r iva t ions  followed a process where the data 
was f i r s t  looked a t  and th e o r i e s  f o r  causal  mechanisms were pos tu la ted .  
Deciding on a topographic s t r u c t u r e  and a subbottom layered model, the 
physical  laws f o r  acous t i c  wave propagat ion ,  r e f l e c t i o n ,  and d i f f r a c t i o n  
were appl ied  to  synthes ize  output  echographs [41 ,42 ,43 ,44] .  A d i s c r e t e  
element approach was used to  simulate  the  echographs from the  s t r u c t u r e s  
model and a combined d i s c r e t e  element and continuous funct ion approach 
were used to  simula te  the echographs from the layered model [45 ,46] .  
Because c e r t a i n  approximations had to  be made in order  to  eva lua te  a 
non- l inea r  in teg ra l  equation  fo r  the continuous func t ion ,  the simulated 
echographs did not include a l l  m u l t ip le  r e f l e c t i o n  terms.  To incorpora te  
a l l  m u l t ip le  r e f l e c t i o n  terms in to  the mathematical ana ly s i s  o f  the 
da ta ,  i t  was decided t h a t  the d i s c r e t e  element d e s c r ip t io n  should be 
used exc lus ive ly .
In o rder  to  e x t r a c t  information from the  acous t ic  echos which 
had been recorded as experimental da ta ,  the  subbottom layered model was 
used. The a n a l y t i c  procedures were found by in v e r t in g  the  syn thes is  
model to  an ana ly s i s  model such t h a t  the experimental data  from an 
echograph was used as the input  and subbottom parameters were the o u t ­
put.  The model was expanded to  include the determination o f  boundary
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phase angle,  non-uniform la y e r  spacing,  and nominal a t t en u a t io n  from up- 
to -d a te  empirical  laws fo r  subbottom m a te r ia l s  [47] .  A method of  de­
convolving the boundary r e f l e c t i o n s  from m ul t ip le  r e f l e c t i o n s  and the 
input  pulse ,  where both magnitude and phase s h i f t  o f  the  input  s ignal  were 
used, was der ived.  With t h i s  information,  both the two-way t rave l  times 
fo r  the  layers  and the r e l a t i v e  impedance p r o f i l e  were found and p lo t ted  
fo r  analyzed data.
4.2  Source Pulse
The e x c i t a t i o n  signal  to  the surveyor i s  a r ec tangu la r  pulse 
modulated with 5 cycles of  a 12kHz s ine  wave c a r r i e r .  I t  i s  shaped 
a f t e r  passing through the  t r a n s f e r  funct ion  of  the underwater  acous t ic  
t ransducer  in to  a smoothly r i s i n g  and f a l l i n g  pu lse of  about 1 ms 
dura t ion .  The source pu lse ,  considered to  be t h a t  which en te r s  the 
underwater medium a t  the  top o f  the water  column, i s  modeled c lo se ly  
a f t e r  the exper imenta l ly  observed 1/2 ms pu lse.  Echographs, synthesized  
l a t e r  in the  chapter  to  show the a b i l i t y  o f  the models to  q u a l i t a t i v e l y  
match the experimental da ta ,  r equ i re  d i s c r e t e  samples o f  the  source 
pulse spectrum. The Four ier  Transform of the echograph.
M(f) = H(o, f )  1( f)  (4.1)
where
H(o, f )  i s  the underwater system func t ion ,  and
1 ( f )  i s  the source pulse  spectrum, 
i s  ca lcu la ted  on a d i g i t a l  computer by f ind ing  the system func tion  fo r  
d i s c r e t e  values o f  frequency.  Since t h i s  involves e i t h e r  an i t e r a t i v e  
procedure over many boundaries in the layered  subbottom model or  a dou­
ble  in teg ra l  over many secondary f i e l d  sources in the geometr ical ly
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s t ru c tu re d  bottom model f o r  each value of  frequency,  i t  i s  necessary to  
use a f i n i t e  number o f  d i s c r e t e  frequencies  to  minimize the  computation 
time [46,  48].
The s p ec t r a l  funct ion  with the minimum d i s c r e t e  frequency range 
which can be a n a l y t i c a l l y  transformed to  a 1 / 2  ms pulse in the time domain 
i s  the  r ec tangu la r  func t ion .  For spec t ra l  width 2/T,  the  transform has 
a pulse width between f i r s t  zero c ross ings  o f  a s i n c ( t /T )  funct ion  of  T 
seconds. By tak ing  a frequency range o f  4kHz around the c a r r i e r  f r e ­
quency of  12kHz, a 1/2 ms pulse with s ide  lobes i s  r e a l i z e d .  This i s  
the s o r t  o f  spec t ra l  funct ion  which i s  d e s i r e d ,  but the time domain s ide  
lobes have too la rge  an amplitude compared with the  major lobe which 
wil l  lead to  d i s t o r t i o n  of  the  model time s e r i e s .  To overcome t h i s ,  a 
progress ive % o f  r a i sed  cosine shaping o f  the  r ec tangu la r  edges was used 
while s imultaneously widening the  spec t ra l  frequency range un t i l  an 
accep table  r e s u l t  was obtained [49].  A 50% ra i sed  cos ine  spectrum shown 
in f igu re  4.1 over a frequency range of  6 kHz transformed to  a 1/2 ms 
wide pulse in the time domain with the f i r s t  s e t  o f  s ide lobes no more 
than 2% o f  the  amplitude of  the  major lobe as shown in f igu re  4 .2 .  A 
1024 po in t  FFT algori thm was used to  transform the spectrum to  the  time 
domain. At a real  time sampling r a t e  of  51.2kHz, t h i s  allowed a 20 ms 
time window which was ample to  model the  echograph. The savings in 
computation time due to  using a l im i ted  range spectrum funct ion  fo r  the 
input  pulse model i s  the  r a t i o  of  the number of  d i s c r e t e  frequency 
po in ts  not  used to  1024. For both the geometrical  and layered  modeling, 
the CPU time to  process a model was about 1 minute. Without the 90% 
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4.3  Echograph Synthesis  from Subbottom Layers
A facs im i le  p lo t  o f  the v e r t i c a l  p r o f i l e  of  the subbottom r e ­
f l e c t i o n  s e r i e s  over a c ru i s e  t rack  with the narrow beam 3 degree s u r ­
veyor i s  shown in Figure 3 .3 .  The t r a n s m i t t e r  pu lse occurs a t  the top 
of  the f ig u re  with several  p a r a l l e l  l i n e s  fol lowing due to  r e f l e c t o r  
and su rface  reve rbe ra t ion .  The signal  from the subbottom, shown below, 
revea ls  an accumulation of  semi-random s ing le  pulse width r e f l e c t i o n s  
and a wide unresolvable signal  both in the sediment column as well as 
across  the basement. A model f o r  syn thes is  o f  echograms i s  proposed,  
based on the form o f  the data  and poss ib le  causal  mechanisms. Since the 
mater ia l  in the column i s  under increas ing  p ressure  as a funct ion of  
depth,  i t  i s  considered t h a t  the mater ia l  in the main unresolvable 
region may be assumed to  have continuous dens i ty  and propagation v e lo c i ty  
p r o f i l e s  as a funct ion o f  depth [50 ,51 ,52].  Therefore the  v e r t i c a l  
impedance i s  modeled in the simples t  case as severa l  d i s c r e t e  layers  
above an inhomogeneous medium with an assumed v a r i a t io n  in impedance as 
a func tion of  depth [2 ] .  The f r o n t  edge r e f l e c t i o n  c o e f f i c i e n t  i s  then 
synthesized f o r  an input  pulse by solving fo r  the r e f l e c t i o n  c o e f f i c i e n t  
from the inhomogeneous medium and s u b s t i t u t i n g  i t  in to  the d i s c r e t e  
la ye r  r e f l e c t i o n  polynomial [45,46].  The echogram amplitude envelope fo r  
several  d i f f e r e n t  s i t u a t i o n s  was obtained and compared with the  expe r i ­
mental data  shown in Figure 3.11.
Ref lec t ion  s igna l s  a re  synthesized by s imulat ing the  acous t i c  
input  pu lse ,  assuming the propagating f i e l d  to  be a plane wave, and model­
ing the subbottom as several  plane p a r a l l e l  laye rs  of  cons tan t  acous t i c  
impedance and a f in a l  laye r  of  varying impedance as a funct ion of  depth.  
The syn thes is  of  output  s igna l s  i s  c a r r i ed  out  on a d i g i t a l  computer by
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applying d i s c r e t e  sample theory to  s igna l s  and spec t ra  f o r  information 
input  to  the computer. Linear system theory i s  used to  f ind  the  output  
spectrum of a system composed o f  the propagating f i e l d  and the  r e f l e c t i n g  
medium with an input  which i s  the simulated pulse.  The output  spectrum 
is  then transformed to  the time domain and operated on in such a way as 
to d i g i t a l l y  demodulate the envelope time s e r i e s  from the c a r r i e r .
The r e f l e c t i o n  c o e f f i c i e n t  f o r  n homogeneous d i s c r e t e  laye rs  a l l  
of  f i n i t e  equal two-way t r ave l  times i s  [46] ,
Rn = (CnPn '  Q j / ( Pn “ C_Q„) (4.2)n o n  n n o n
where
CQ i s  the f i r s t  boundary r e f l e c t i o n  c o e f f i c i e n t ,
Z = Q~2j&SL -jS the round - t r ip  space propagation f a c t o r ,
P = P ,-C ZQ , R and n n-1 n wn-l
D
Qn = Qn_i"CnZpn_i are polynomials in Z ca l l e d  genera t ing 
funct ions  with i n i t i a l  values of  PQ = 1 and Qq = 0, and
R RPn ,Qn are the reverse  polynomials.
The genera t ing functions  a re  the numerator and denominator o f  the  r e ­
f l e c t i o n  c o e f f i c i e n t  (-Qn/ pn) evaluated  a t  the  f i r s t  boundary. When 
th a t  r e f l e c t i o n  c o e f f i c i e n t  i s  converted to  impedance and combined with 
the c h a r a c t e r i s t i c  impedance of  the zero th  transmission medium, the 
overa l l  r e f l e c t i o n  c o e f f i c i e n t  fo r  the system of laye rs  i s  obta ined.  The 
der iva t ion  i s  shown in Appendix H. For computations,  the r e f l e c t i o n  
s e r i e s  polynomial was approximated by neg lec t ing  terms involving a 
product  of  th ree  prime c o e f f i c i e n t s  compared with one in the numerator 
and a product  of  four  prime c o e f f i c i e n t s  compared with two in the de­
nominator.
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For an inhomogeneous la ye r  with a continuous ly varying impedance 
as a func tion of  depth,  the r e f l e c t i o n  c o e f f i c i e n t ,  V, s a t i s f i e s  a non­
l i n e a r  Riccati  d i f f e r e n t i a l  equation
dV/dz + 2jkV + y( l  - V2) = 0 (4.5)
where
Y = ( l / 2 p c ) ( d ( pc ) /dz )  (4 .6)
i s  a funct ion  o f  the acous t ic  impedance of  the  l a y e r ,  
pc i s  the  acous t i c  impedance o f  the l a ye r  which i s  a 
funct ion  of  z,  
z i s  the down d i r ec ted  space v a r i a b le ,  and 
k i s  the wavenumber.
The de r iva t ion  of  the Riccati  equation fo r  a l a ye r  which has an in ­
homogeneous impedance as a func tion of  z i s  shown in Appendix I .
Equation 4 .5  does not  have a closed form s o lu t io n .  However, a numerical 
i t e r a t i v e  procedure can be used to  solve fo r  V(u>,t ) where t i s  the two 
way t rave l  time to  any po in t  in the la ye r  while T i s  the t o t a l  two way 
t rave l  time fo r  the la y e r  [44 ,45] ,
V U , t )  = eJa)T/ Ty(s )  e"J“ s [ l  - V2 U , s ) ] d s .  (4.7)
T
An inspect ion  of  the data  in one region of  i n t e r e s t  suggests  the 
subbottom may be assumed to  c o n s i s t  o f  a combination of  th r e e  d i s c r e t e  
l ayers  followed by a continuous la y e r .  The approximate r e f l e c t i o n  
c o e f f i c i e n t  f o r  such a combination i s  then ob ta ined by s u b s t i t u t i n g  the 
continuous r e f l e c t i o n  c o e f f i c i e n t ,  V, f o r  the  l a s t  prime c o e f f i c i e n t  in 
the d i s c r e t e  r e f l e c t i o n  polynomial. The combined f r o n t  edge r e f l e c t i o n  




(4 .8)i+(c0c1+c1c2+c2v)z+(c0c2+c1V)z?+c0vz30U1 H^2 ^2
where
are boundary r e f l e c t i o n  c o e f f i c i e n t s ,
V i s  the continuous la y e r  r e f l e c t i o n  c o e f f i c i e n t ,  and
Z = e ' 2j6z (4.9)
The computer programs used to  synthes ize  s ig n a l s  from the  subbottom 
models a re  found in Appendix D.
4.3.1 Computer Simulation of  an Inhomogeneous Layer
In the  s im ples t  case where compressional v e lo c i ty  and dens i ty  
vary l i n e a r l y  over depth fo r  a p a r t i c u l a r  sediment l a y e r  [50 ,51 ,52] ,  the 
acoust ic  impedance va r ie s  as the square o f  depth over the  la y e r .  Assuming 
th a t  the layer  ends a t  a rock basement i n t e r f a c e ,  th e re  must be a l i m i t ­
ing value to  the  impedance. A func tion which can approximate t h i s  
behavior in a smoothed way i s  a shaped r i s i n g  exponential  funct ion  whose 
slope goes to  zero a t  both ends.  The gamma funct ion  fo r  the shaped 
exponential laye r  (Eq. 4 .6)  i s  cons tan t  over most of  the  region of  the 
exponential dropping to  zero a t  each end by using a 10% ra ised  cos ine ,
(see Appendix J ) .  Results from syn thes is  with t h i s  impedance funct ion 
fo r  a 3 m.s.  two way t rave l  time are shown in Fig. 4 .3 .  The r e s u l t s  
show, fo r  small v a r i a t io n s  in impedance, a r e f l e c t e d  pulse during the 
beginning cos ine  func t ion ,  another  a t  the s t a r t  o f  the exponential 
function ,  another a t  the end of  the exponential  func t ion ,  and one more 
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Figure 4 .3  -  Simulated Time S er ies  Response from 3-ms Two-Way Travel 
Time Inhomogeneous Layer
50
4 .3 .2  Computer Simulat ion of  an Inhomogeneous Layer Followed by 
a Basement Rock
The inhomogeneous la y e r  i s  assumed to  have a shaped exponential 
of  2 m . s . ,  while the hard basement rock i s  s imulated by means of  a 
f a s t e r  r i s i n g  shaped exponential  of  1 m.s. Results  from t h i s  syn thes is  
are shown in Fig.  4 .4 .  There i s  a r e f l e c t e d  pulse a t  the beginning and 
ending o f  each exponential  funct ion  and during the beginning and ending 
cosine func t ions ,  r e s u l t i n g  in s ix  observable r e f l e c t e d  pu lses .  The 
pulse f o r  the  middle cosine funct ion  i s  non-reso lvab le.
4 .3 .3  Simulat ion o f  the  Experiment - Combined Discre te  and 
Continuous Layer
From an inspect ion  of  the experimental r e s u l t s  the  subbottom is  
modeled to  c o n s i s t  o f  th ree  d i s c r e t e  laye rs  combined with an inhomogeneous 
la ye r  bounded by hard basement rock.  Fig. 4.5 shows the impedance 
p r o f i l e  used fo r  s imulat ion of  r e f l e c t i o n  s ig n a l s .  The th ree  d i s c r e t e  
la yer  r e f l e c t i o n  c o e f f i c i e n t s  are combined with the r e f l e c t i o n  c o e f f i c i e n t  
of the inhomogeneous laye r  followed by rock weighted by .75.  Fig. 4.6 
shows r e f l e c t i o n s  from the  th ree  d i s c r e t e  laye rs  separa ted  by 1 m.s. two 
way t r ave l  time from each o the r  and from the continuous func t ion ,  and 
with a s e t  o f  r e f l e c t i o n  c o e f f i c i e n t s  equal to  / . 0 3 ,  - 0 .1 ,  +0.1,  .75 / .
This combination r e s u l t e d  in observable r e f l e c t e d  pulses from a l l  l a y e r  
boundaries,  the expected pulses from the continuous funct ion  and the 
appearance o f  m ul t ip le  r e f l e c t e d  pulses with in  the time s e r i e s  and 
t r a i l i n g  the time s e r i e s .
Comparing the syn thesized r e f l e c t i o n  time s e r i e s  in  Fig.  4.6 
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Figure 4 .4  -  Simulated Time Ser ies  Response f o r  2-ms Two-Way Travel 
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F ig u re  4 .5  -  Impedance P r o f i le  f o r  S im u la tio n  o f  V e r t ic a l  R e f le c t io n  S e r ie s
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one notes t h a t  both the  f ig u re s  have a general q u a l i t a t i v e  s i m i l a r i t y ,  
v iz ,  they have separa ted leading pu lses ,  a wide unresolvable cen t ra l  
s e r i e s  with a rap id  decay a t  i t s  back edge, and m ul t ip le  r e f l e c t e d  
s igna ls  with in  and a f t e r  the unresolvable  s e r i e s .  In the experimental 
data  the two way t r ave l  time f o r  the unresolved region i s  g r e a t e r  than 
in the synthesized da ta ,  in d ica t ing  a wider region o f  continuous impedance 
than t h a t  which was synthes ized .
4.4 Echograph Synthesis  from Subbottom S truc tu res
In o rder  to  compare narrow beam and wide beam systems, data  was 
simultaneously taken over the same t r ac k  with a conventional  30 degree 
p r o f i l e r .  Facsimile p lo t s  of  the subbottom s igna l s  taken simultaneously 
with a 30 degree p r o f i l e r  (bottom) and the 3 degree surveyor ( top) are 
shown in Figs. 3.6 and 3.7 .  Signals  in the sediment column o f  the  l e f t  
h a l f  o f  the surveyor graph (Fig. 3.6)  form a p a t te rn  of  semi-randomly 
sized and spaced r e f l e c t o r s ,  while those in the p r o f i l e r  graph form 
continuous mul t ip le  laye rs  throughout.  Signals  in the basement t r a c e  of  
Fig. 3.7 in d ica te  a la rge  t h r u s t  up sec t ion  in the surveyor p lo t  which 
tends to  merge in to  and d isappear  in to  the basement in the p r o f i l e r  p lo t .
To v e r i fy  the edge e f f e c t s  from the wide beam, r e f l e c t i o n s  from 
a la rge  c i r c u l a r  p la t e  t h r u s t  up from the rock basement were simulated.  
Then a l a t e r a l  model co n s i s t in g  of  small c i r c u l a r  disks of  s im i la r  s ize  
and spacing,  suspended in the sediment column was proposed to  explain  
laye r  e f f e c t s .  Theore t ical  s igna l s  composed of  waves r e f l e c t e d  and d i f ­
f r ac ted  from the l a t e r a l  boundaries were synthesized with K ircho f f ' s  
In tegra l  Formula which has a l so  been used in su rface  topography es t ima­
t ion  [53 ,54] .  The e f f e c t iv e n e ss  of  the model to  explain the experimental
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data became eviden t  as the r e s u l t s  of  source motion over the model 
produced a l a ye r  e f f e c t  in the wide beam case and ind iv idua l  detec ted  
r e f l e c t o r s  in the narrow beam case.
Ref lec t ions  a re  simulated from a system co n s i s t in g  of  the  input  
pu lse,  a highly d i r e c t i v e  p ro jec ted  acous t ic  f i e l d ,  and c i r c u l a r  d isks  
of  un ity  r e f l e c t i o n  c o e f f i c i e n t  embedded in the  sediment column. The 
r e f l e c t i o n  spectrum i s  found from l i n e a r  system theory  by computing the 
spectrum of  the l a t e r a l  r e f l e c t o r  model on a d i g i t a l  computer and 
mult iplying i t  by the spectrum of  the input  pu lse .  The envelope of  the 
r e f l e c t i o n  time s e r i e s  i s  found by the fol lowing d i g i t a l  demodulation 
technique.  The spectrum of  the a n a ly t i c  time signal  i s  found and t r a n s ­
formed by Fast  Four ier  Transform in to  the time domain. The envelope i s  
found by tak ing the magnitude of  the a n a l y t i c  time s igna l .
A mathematical model fo r  the r e f l e c t i o n  c o e f f i c i e n t  of  an 
a r b i t r a r i l y  shaped su r face ,  S, insonated and received  by the same 
transducer  i s  [25]:




x i s  the wavelength 
f ( e )  i s  the source beam p a t te rn  
cose i s  the o b l iq u i ty  f a c t o r  
r ' , e '  are coordina tes  on S
r , e  are coordina tes  from source ce n t e r  to  S
and k i s  the wavenumber.
For a c i r c u l a r  p is ton  source the beam p a t te rn  i s  [25]:
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2J ,  (ka sine)
f <6> = - i r r m r -  f4 - " )
where
a i s  the rad ius  of  the p is ton .
The r e f l e c t i o n  c o e f f i c i e n t  f o r  both wide and narrow beams is  
found a t  each d i s c r e t e  frequency in the s e t  by numerical in t eg ra t io n  
e i t h e r  over the area S or  over an area bounded by the zero of  the f i r s t
major r a d ia t io n  lobe of  rad ius :
B = ~ T ~ ^ ----- 2 , 1 / 2  (4 ' 12>D (1 - 1/D ) '
where
B is  the r a d ia t io n  radius  in wavelengths 
ZQ i s  the depth of  S below the source 
and D i s  the r a t i o  ( 2 a / l .22 a) ,
with the c o n s t r a i n t  of  s tay ing  with in  the f i r s t  major r a d ia t io n  lobe. 
This i s  a good approximation fo r  the r e f l e c t i o n  c o e f f i c i e n t  as 84% of 
the energy passes through the major r a d ia t io n  lobe (see Appendix K).
The t r a n s f e r  funct ion i s  programmed numerical ly as a s ing le  
summation, where the double i n t e g ra t i o n  has been reduced to  a l i n e
in teg ra l  from inner d isk edge to  ou te r  edge with the  included polar
angle ca lcu la ted  a t  each s tep .  This inc reases  the c a l c u la t io n  speed 
over f inding  the t r a n s f e r  func tion from summing elemental a reas .  Fig. 
4.7 i l l u s t r a t e s  the geometry of  the r e f l e c t o r  from which the t r a n s f e r  
function i s  ca lcu la ted :
N
H(«o) = 2 I  f  ( r ' J r ' e ' f r ' J  (4.13)
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Figure 4 .6  -  Simulated Time Ser ie s  Response fo r  Several D iscre te




Figure 4.7 -  Geometry fo r  Ca lcula t ion  o f  Transfe r  Function with 
K ircho f f ' s  In tegra l  Equation
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f ( r ' )  conta ins  phase and amplitude information 
r ’ i s  the rad ia l  coord ina te  o f  i n t e g ra t i o n  
and e ' ( r ' )  i s  the included po la r  angle.
The included po la r  angle i s :
(4.14)
2 ( r ' - r 0 ) ( r r r 0 )
where
A i s  the rad ius  of  the disk
and
r  i s  the beam cen te r  coordina te  o
r ,  i s  the d isk cen te r  coordina te .
The computer programs used to  synthes ize  s igna l s  from bottom s t ru c t u re s
are  found in Appendix E.
4.4.1 Simulation From a 20 Meter Thrust  P la te
The t h r u s t  up region which appears in Fig. 3.7 with good d e f i n i t i o n  
in the narrow beam graph, sca led  d i r e c t l y  from the graph,  i s  modeled as 
a 20 meter c i r c u l a r  p la t e  t h r u s t  up 4 meters from the surrounding 
basement rock.  Ref lec t ion  and boundary wave responses are found by 
computer s imula t ion  fo r  both wide and narrow beams f o r  the t h r u s t  p la t e  
and the surrounding basement below. Computations are s im p l i f ied  by the 
approximation t h a t  the v e r t i c a l  walls  from the rim to  the  basement are 
n o n - r e f l e c t iv e .  The s imulat ion i s  worked in two p a r t s ,  f i r s t  f o r  the 20 
meter p la t e  with no surrounding basement, then fo r  an i n f i n i t e  ex ten t  
basement with a 20 meter hole in i t .  In t h i s  way the pulse t r a j e c t o r i e s  
may be found over l a t e r a l  d is tance  even though pulse i n t e r a c t i o n  which 
occurs when t r a j e c t o r i e s  from the p la te  cross  those from the  basement 
has been neg lected.  Fig-. 4.8  shows r e f l e c t e d  and boundary wave pulses
fo r  the 20 meter  p l a t e  insonated by the 30 degree beam width p ro je c to r
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as i t  moves from a co inc iden t  centered  pos i t ion  outward to  the rim and 
beyond. Several amplitude and a r r iv a l  time s e r i e s  are p lo t t e d  ag a in s t  a 
th i rd  dimension, d i s t a n c e ,  which i s  the displacement o f  the p ro jec to r  
from the p la t e  cen te r .  At 0 meters of  displacement the f i r s t  pulse 
(8 a) i s  r e f l e c t e d  and the second pulse (8 b) comes from the rim which i s  
s imultaneously reached around i t s  circumference by the sound wave. At 
5 meters of  displacement the f i r s t  pulse (8c) i s  r e f l e c t e d  from the 
su r face ,  the second pulse (8 d) comes from the near rim and the  t h i r d  
pulse (8e) from the f a r  rim. At 10 meters and beyond the  s e r i e s  are 
composed of  two pu lses ,  one from the near rim (8 f )  and the o the r  from 
the f a r  rim (8 g). The increas ing  d is tance  of  the p ro je c to r  from the 
p la t e  shows up as an increas ing  time delay before the f i r s t  pulse occurs 
and the amplitude decreases as l e s s  of  the beam energy r e tu rn s .  Fig.
4.9 shows the r e s u l t s  o f  insona ting the same p la te  with a 3 degree beam 
width p ro jec to r .  The beam width i s  so narrow t h a t  a t  0 meters d is tance  
the beam does not  even extend as f a r  as the rim, so only a r e f l e c t e d  
pulse (Sa) i s  seen. As the p ro je c to r  moves so t h a t  the rim i s  insonated,  
the beam i s  so narrow t h a t  r e f l e c t e d  and rim pulses (9b) and (9c) merge 
toge ther  unresolvably.  At 10 and 12.5 meters the near rim pulse  (9d) 
and (9e) i s  seen and again the  beam is  so narrow t h a t  the  f a r  rim i s  not 
insonated.  At 15 meters (5f)  the beam i s  e n t i r e l y  ou ts ide  o f  the p la te  
and no boundary pulse i s  seen.  The narrow beam gives a b e t t e r  ind ica t ion  
of  the shape o f  the p la t e  over the t r a n s l a t i o n a l  d i r e c t i o n  o f  the 
p ro je c to r  than the wide beam.
The second p a r t  of  the s im ula t ion ,  the  i n f i n i t e  ex ten t  basement 
with a 20 meter  hole ,  i s  worked in a s im i la r  manner. Those r e s u l t s  
have been added to  the p la t e  s imulat ion r e s u l t s  and appear p lo t t e d  in
Figure 4.
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Fig. 4.10 f o r  comparison with the experimental da ta  in Fig.  3 .7 .  Fig.
4.10 i s  a d is tance  versus a r r i v a l  time p lo t  drawn in the s t y l e  of  the 
experimental f acs im i le  p lo t .  The t r a j e c t o r i e s  are drawn f o r  a l l  
po in ts  represen t ing  a range of  amplitudes from maximum down to  approxi ­
mately 1% of  maximum. This demonstrates t h a t  the e f f e c t  o f  d i f f r a c t i o n  
of  acous t ic  waves can cause the t h r u s t  p la t e  image to  be l o s t  in the 
wide beam case .  Fur ther ,  because o f  the slopes of  the basement on 
e i t h e r  s ide  of  the t h r u s t  p la t e  in the experiment,  i t  appears to  be 
hidden in the basement c l u t t e r .
4 .4 .2  Simulat ion of  the Experiment from a Sequence o f  2 Meter Disks
The s i t u a t i o n  of  narrow beam ind ica t ion  of  semi-random r e f l e c t o r s  
in the sediment column and wide beam in d ica t ion  of  layers  in the sediment 
column as shown in Fig. 3 .6 ,  can be resolved in the following way. The 
response from a co l l  inear  sequence o f  2 meter d i s k s ,  separated  by 9 
meters spacing each was simulated using a d i g i t a l  computer. The r e s u l t s  
show t h a t  the narrow beam surveyor in d i ca te s  them a l l  independently 
while the  wide beam p r o f i l e r  t ransforms them in to  a l aye r .  But consider  
the case where the co l l  inear  ax is  through the c en te r  of  the d isks  i s  
displaced from the cen te r  of  the narrow beam such t h a t  i t  does not 
insonate  them. Then the narrow beam surveyor in d ica te s  nothing,  while 
the wide beam p r o f i l e r  s t i l l  i nd ica te s  a l aye r .  Geologica l ly,  i t  i s  
accepted t h a t  the sediments accumulate in layers  and y e t  i t  i s  not 
s u rp r i s in g  t h a t  e i t h e r  the layers  a re  connective ly  discontinuous  in one 
case or  a re  made up o f  unconnected r e f l e c t o r s  in another.
The simulat ion was worked in two p a r t s .  F i r s t ,  the response 
fo r  a s ing le  2 meter disk  was found as a funct ion  of  the l a t e r a l  d i s ­
placement d is tance  of  the source from i t s  c en te r  fo r  both wide and
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narrow beam case u n t i l  the r e tu rns  were no g r e a t e r  than 1% o f  the re tu rn  
amplitude found when centered .  The r e s u l t s  of  these  numerical computations 
made with K i rcho f f ' s  In tegra l  Formula (Eq. 4.10) a re  shown in Tables 4.1 
and 4 .2 .
Then the responses from a l l  d i s k s ,  neglec t ing  pulse i n t e r a c t i o n ,  
were summed to  f ind the  t r a j e c t o r i e s  shown in Fig.  4.11.  Fig.  4.11 shows 
a p i c t o r i a l  view of  the d isk  sequence data  drawn in the s t y l e  of  a 
facs im i le  p lo t  fo r  comparison with the experimental data  in Fig. 3.6 .
The wide beam combines them well enough to  pick up the  continuous 
r ep re sen ta t ion  of  laye rs  while the narrow beam sees them as d i s c r e t e  
r e f l e c t o r s .
4.5 Synthesis  Conclusions
The sequence model i s  only an approximation as the  experimental 
narrow beam data  shows semi-random pos it ioned  r e f l e c t o r s  where the  s ize  
and spacing o f  the d isks  i s  random, but the  v e r t i c a l  p os i t ion  of  the 
disks in the  sediment column i s  not .
The experimental data  was used to  choose the parameters ,  such as 
the laye r  spacing,  pulse shape and d isc  s i z e s  and sep a ra t io n ,  f o r  the 
syn thes is  of  s igna l s  in the models. The e f f e c t s  o f  r e f l e c t i o n  from 
v e r t i c a l  laye rs  and the r e f l e c t i o n  and the d i f f r a c t i o n  from l a t e r a l  
boundaries were worked sepa ra te ly .  The s imulat ions  demonstrate the 
e f f e c t  o f  several  poss ib le  mechanisms which may have genera ted the 
experimental data.
4.6 Echograph Analysis  by Synthesis  Inversion
Consider a plane wave normally inc iden t  upon a s e t  o f  plane 
p a r a l l e l  laye rs  and focus upon the n + 1 s t  laye r  as shown in Figure
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d is tance  r e f l e c t i o n  d i f f r a c t i o n  time delay d i f f r a c t i o n  time delay 
[meters]  [ r e l .  amp.] [ r e l .  amp.] [m .s . ]  [ r e l .  amp.] [m .s . ]
0 70.00
1 14.29
2 5.57 . 0 2
3 1.90 .04
4 1.15 .08




9 .255 .25 .205 .59
10 .205 .27 .168 .64
11 .164 .31 .138 .70
12 .135 .33 .115 .76
13 . 1 1 0 .37 .090 .82
14
15
Table 4.1 Wide Beam Case
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dis tance  r e f l e c t i o n  d i f f r a c t i o n  time delay
[meters]  [ r e l .  amp.] [ r e l .  amp.] [m .s . ]











Table 4.2 Narrow Beam Case
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NARROW BEAM RESPONSE
Figure 4.10 -  Simulated Response to  the 20-m Thrust  P la t e  P lo t ted  in the 
S ty le  of  a Facsimile P lo t  fo r  the 3 Deg. Beam (top) and 
The 30 Deg. Beam (bottom)




Figure 4.11 - Simulated Response to  the Ser ies  of  2-m Disks P lo t ted  in 
the  S ty le  o f  a Facsimile P lo t  f o r  the  3 Deg. Beam (top) 
and the  20-Deg. Beam (bottom)
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4.12.  The wave i s  en te r ing  the  laye r  from the l e f t  with u n i ty  ampli­
tude.  By counting the number of  m u l t ip le  r e f l e c t i o n s  with in  the l a y e r ,  
each o f  which co n t r ib u te s  to  the r e f l e c t e d  and t ransm it ted  wave, the 
t o t a l  r e f l e c t e d  wave can be w r i t t e n  as a s e r i e s ,  [55]
vn * Cn + <’ -  Cn > V l  <’ + c n>z n+l + <’ ’  * c n > V l 2 + -
(4.15)
where Cp i s  the boundary r e f l e c t i o n  c o e f f i c i e n t  a t  the nth boundary,
V i s  the t o t a l  r e f l e c t i o n  c o e f f i c i e n t  a t  the nth boundary, and
—2 j  kn i n
Zn = e fo r  a l o s s l e s s  m a te r ia l .  (4.16)
By f a c to r in g  the above expression and r e a l i z i n g  t h a t  the remaining terms 
are a summation which converges,  the  r e f l e c t i o n  c o e f f i c i e n t  becomes,
\  -  cn + <’ -  Cn2 >vn+1 zn+l 1 -  <4 -1Z>
A c o l l e c t i o n  o f  terms over a common denominator y i e l d s ,
C + V _ Z  , ■>
vn '  r r n  z <4 - , 8 >n 1 Si n+1 n+1 
which i s  the formula for the re f lec t io n  c o e f f ic ie n t  o f  an imbedded 
layer.
Front-end deconvolution of  the echograph signal  from an assumed
number of  d i s c r e t e  non-equally spaced p la n e -p a ra l l e l  layers  proceeds as
fol lows.  The f i r s t  pulse out  of  the laye rs  i s  propor t iona l  to  CQ and
2the second one, by simply ray t r a c in g  i s  p ropor t iona l  to  (1 - C ) C-j.
A f te r  t h a t  th e re  a re  several  d i f f e r e n t  p o s s i b i l i t i e s  f o r  the  next pulse
2
out.  Therefore,  CQ, 1 - CQ , and are  now solved fo r  from the amplitudes
fo r  the f i r s t  two pulses in the time signal  to  with in  a p r o p o r t i o n a l i t y  
cons tan t .  The boundary c o e f f i c i e n t  phase angle i s  found from the time
INCIDENT 
PLANE -  WAVE
- C n ( l + C n ) ( l - C n ) V
n TH LAYER
I +  C,
1 / 2
C + C n ) V n + |  Z n 
c n ( I + C n ) V n +  , z n
2 3 /2
- C n ( I + C n )Vn + , Z n
n +  1ST LAYER
nTH  BOUNDARY 
REFLECTION COEFFICIENT
Vn +  I
REFLECTION COEFFICIENT 
AT n +  1ST BOUNDARY
Figure 4.12 -  Mult iple Ref lec t ions  from the  n+ l s t  Embedded Layer
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s e r i e s ,  assuming t h a t  the c h a r a c t e r i s t i c  impedances are  r e a l .  The phase
s h i f t  f o r  the time s e r i e s  i s  found as a func tion of  time and from i t  i s
sub trac ted  the time phase s h i f t ,
< j > ( t )  =  0 ( t )  -  w t ,  ( 4 . 1 9 )
where e ( t )  i s  the unwrapped continuous signal  phase s h i f t ,  and 
w t  i s  the time phase s h i f t .
Then a t  the peaks of  the f i r s t  two pu lses ,  the phase s h i f t  d i f f e re n ce  i s
taken and the two-way t rave l  time phase angle i s  removed which leaves the
d i f f e re n ce  in boundary phase angles ,
< ( > 1  -  < t > 0  +  w ( T i  "  t q )  =  4 > b i  "  • f ’ b O *  ( 4 . 2 0 )
where ^  i s  the boundary phase angle ,  and
io(t-| -  tg )  i s  the two-way t r ave l  time phase angle.
By working through the signal  time s e r i e s  from the  f r o n t  end,  where i t  i s  
assumed the (f^g = 0 °,  the next boundary phase angle i s  found,
pbl =  4 * 1  ~  £ ° ( T i  ”  t q )  4 > b o *  ( 4 . 2 1 )
A model i s  then used to f ind  the r e f l e c t i o n  c o e f f i c i e n t  f o r  the 
f i r s t  l a y e r  alone,
Cf)_ 0 1 1  ( 4 > 2 2 )
• 0 , 1  1  +  C g C 1  Z 1  ’
where Vg -j i s  the r e f l e c t i o n  c o e f f i c i e n t  a t  the Oth boundary fo r  1
l a y e r ,  and a l l  o f  the in te rna l  m ul t ip le  r e f l e c t i o n s  fo r  t h a t  
l a ye r  may be generated.
Before genera t ing those r e f l e c t i o n  pu lses ,  the r e f l e c t i o n  c o e f f i c i e n t  
f o r  the f i r s t  one from the back boundary i s  removed. This i s  done so t h a t  
when the  remaining r e f l e c t i o n  c o e f f i c i e n t  i s  t ransformed to  time fo r
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sub t rac t ion  from the  echograph s ig n a l ,
r ( t )  -  j l [V0 J  -  C ^ l  - C0 2 )Z1] I(o») Z0 eja ,t  da,, (4.23)
the f i r s t  pulse from the back boundary of  l a ye r  1 w il l  be a v a i l a b l e  fo r  
phase s h i f t  comparison with the f i r s t  pulse of  the back boundary of  
la ye r  2 .
The process i s  then repeated f o r  laye r  2,  i e .  the  f i r s t  pulse
o
re f l e c te d  from the f r o n t  boundary o f  l a ye r  2 i s  p ropor t iona l  to  (1 -  Cq )
C-j and the second pulse from the back boundary i s  propor t ional  to
2 2(1 -  C-j )(1 - Cg ) Cg. These wil l  be the next two pulses seen in the 
echo signal  in time order .  The boundary phase angle fo r  C2 i s  found 
in a way s im i l a r  to  t h a t  used before and then using a model the  r e f l e c ­
t ion  c o e f f i c i e n t  f o r  the f i r s t  two layers  i s  found,
^1 + Co ^0 + ^1 ^1
Vl , 2  = 1 + C1 C2 Z2 and V0,2 = 1 + CQ V1 Z1 (4 ,24 )
The r e f l e c t i o n  c o e f f i c i e n t  f o r  the f i r s t  pulse from the back boundary of  
laye r  2 i s  removed in a s im i la r  way as before and a f t e r  t ransforming 
to  t ime,  the  model time s e r i e s  i s  sub t rac ted  from the  echograph s ig n a l ,
>00
r ( t )  = 27 [Vq, 2  -  C2 (l -  C ^ H l  - Cg2) Z}Z21 I (a,) ZQ eja)t da,. (4.25)
J  — 00
The process i s  repeated u n t i l  r ( t )  -  m(t) < e ,  where the e  i s  an accep t­
able  remaining e r r o r  or  the end o f  the s e r i e s  occurs.
For f ron t-end  deconvolution,  where the  subbottom m a te r ia l s  a re  
considered lo ssy ,  the fol lowing procedure i s  used. F i r s t ,  the bes t
68
empirical  da ta  on subbottom m a te r ia l s  has f i t  the a  in the e_aX, 
a t ten u a t io n  f a c t o r ,  to  [47,56]
8 . 6 8 6 a  = h f ,  (4.26)
where h i s  a cons tan t  depending on the mater ia l  type .  This i s  s im i la r  
to  the  Coloumb-frict ion lo ss  [57] where the  boundary r e f l e c t i o n  co­
e f f i c i e n t s ,  C.j, are pure rea l  with e i t h e r  a(+) or  ( - )  s ign depending on 
whether the c h a r a c t e r i s t i c  impedance of  the  next l a ye r  i s  g r e a t e r  than 
or  l e s s  than t h a t  o f  the la ye r  before.  With a t ten u a t io n  inc luded,  the 
phase propagation f a c t o r  becomes,
- 2 a  £  - 2 j k  £
Zn = e n n e n n . (4.27)
and the f i r s t  pulse out of  the f i r s t  l a y e r  i s  p ropor t iona l  to  CQ, while 
the second i s  propor t ional  to  C^(l  -  Cq )e . These are the only 
kind o f  changes which must be made in the f ron t -end  deconvolution pro­
cedure which i s  otherwise  the same.
To complete the d iscuss ion  the s ca le  f a c t o r ,  impedance p r o f i l e  
and basement boundary condi t ion  are considered .  Since the  r e f l e c t i o n  
pulse t r a i n  i s  received a t  the t ransducer  a f t e r  passing through the 
water column, th e re  i s  a p r o p o r t io n a l i t y  cons tan t  between the pulse 
amplitudes and the value of  the r e f l e c t i o n  c o e f f i c i e n t s .  This has been 
ca l l e d  the sca le  f a c t o r ,  SF. All the Cn a f t e r  determina tion from the
pulse ampli tudes are scaled  by the sca le  f a c t o r ,
Cn = (SF) Cn . (4.28)
To s e t  a value fo r  SF, the  Cn i s  r e l a t e d  to  the  c h a r a c t e r i s t i c  impedances
of the nth and n+1 s t  l a y e r s ,
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. H r H  , t 2 9 ,
n (pc)n+1 + ( e c )n • •
An impedance p r o f i l e  r e l a t i v e  to  the  impedance of  water  taken as un ity  
i s  genera ted by,
t r 1 -  pCn pCl (A
(pc)n+l “ Pcn Pcn_ 1 ' • • 1 • (4 ' 30)
The sca le  f a c t o r ,  SF, i s  picked such t h a t  (pc )b^se.me,0.'t . - j s  t h a t  o f  g r a n i t e ,  
which i s  assumed to  under l i e  the subbottom m a te r ia l s  where the  expe r i ­




Parameter e s t imat ion  signal  process ing ,  shown in Figure 5 .1 ,  was 
used to  analyze the experimental da ta .  The data  were the recorded ou t ­
put s ig n a l s  from the subbottom which was remotely exc i ted  by an acous t ic  
source pu lse .  The data were sampled and d i g i t i z e d  by an A/D conver te r  
and s to red  in a f i l e  in a d i g i t a l  computer. Subbottom la ye r  parameters 
were est imated from the  data  fo r  one la y e r  a t  a time and used in  a 
mathematical model of  the subbottom to  simulate  f i r s t  boundary and 
mul t ip le  r e f l e c t i o n s .  These simulated s ig n a l s  were removed from the 
experimental s ignal  in o rder  to  deconvolve f i r s t  boundary r e f l e c t i o n s  
from source pulse  and mul t ip le  boundary r e f l e c t i o n s .  The process was 
then continued one la ye r  a t  a time u n t i l  the  e n t i r e  time s e r i e s  was 
analyzed. When a l l  parameters had been es t imated ,  they were t r a n s ­
formed to  r e l a t i v e  impedance of  the corresponding la ye r s .
The input  to  the model i s  described by i t s  waveshape, the t r a n s ­
ducer Q and bandwidth, and the  p ro jec ted  and rece ived  waveshapes from 
the transducer .  The input  waveshape i s  5 cyc les  of  12 kHz which are 
gated on a t  zero deg. phase angle with a p o s i t i v e  going slope.  The 
t ransducer  has a Q ^ 1.5 with +1 slope r o l l o f f  on e i t h e r  s ide  of  the 
cen te r  frequency.  I f  i t  i s  assumed t h a t  the  r e f l e c t i v e  boundaries 
of  the sediments do not change the  waveshape, then the rece ived s i g ­

















Figure 5.1 -  Parameter Est imation Signal Processing
V)
so>
F ig u re  5 .2  -  Received Waveform from  th e  T ransducer
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takes Q cycles  f o r  the t r a n s i e n t  to  go 95.5% o f  the way towards i t s  
f in a l  value and 1.5 Q cycles to  reach 99% of the  way [59] .  Figure 5.2 
shows the approximate received waveshape from the  tr ansducer .  The 
t r a n s i e n t  shows t h a t  the envelope peak occurs a t  zero deg. of  the  c a r r i e r  
with a p o s i t i v e  going slope.
The physics of  wave propagation in water and sediments along 
with empirical data [60 ,61 ,62 ,63 ,64 ,65 ,66]  are used to  der ive  the  mathe­
matical model used. At the d is tance  t h a t  the bottom i s  from the source 
and with the  increment o f  sediment compared to  the  depth,  plane wave 
propagation may be assumed. The bottom and sediments a re  assumed to  be 
a s e r i e s  of  plane p a r a l l e l  l aye rs  over the  beamwidth o f  the  antenna with 
normal incidence of  the  input  wave. The geometry and the  subbottom 
media are assumed to  be such t h a t  the f requencies  in the  spectrum of  the 
input  pulse are not  changed or  non-dispers ive .  Geometrical ly ,  even 
though the  v e lo c i ty  o f  propagation does vary as a funct ion o f  depth,  the 
input  wave i s  propagated p a r a l l e l  to  t h i s  v a r i a t io n  and so i s  not  r e ­
f r a c t e d .  The materia l  parameters such as shear modulus, y,  bulk modulus,
A + 2y, and c o e f f i c i e n t  of  v i s c o s i t y ,  n are assumed to  be non-frequency 
dependent. Therefore the  v e lo c i ty  of  propagation i s  non-frequency 
dependent or  non-dispers ive  as a r e s u l t  o f  the  mater ia l  parameters .  A 
f u r th e r  consequence of  these  assumed condi t ions  i s  t h a t  the  c h a r a c t e r i s t i c  
impedance of  any subbottom la ye r  i s  real  and the r e f l e c t i o n  c o e f f i c i e n t  
a t  any boundary may only have a zero deg. or  180 deg. phase angle.
Nominal a t t en u a t io n  c o e f f i c i e n t s  a re  assumed f o r  the subbottom layers  
ranging from t h a t  f o r  vegetat ional  ooze, clayey s i l t ,  s a n d - s i l t - c l a y ,  
sand, to  t h a t  fo r  g r a n i t e  which are a l l  proport iona l  to  frequency to  the 
f i r s t  power [47 ,56] .  A s ing le  f a c t o r  sca le s  a l l  boundary r e f l e c t i o n
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c o e f f i c i e n t s  to  account f o r  the  spher ica l  spreading lo s s  through the 
water  column.
The es t imat ion  of  the  system parameters involves the use of  the 
above information in combination with d i g i t a l  s ignal  processing t e c h n i ­
ques. The fundamental process of  these  techniques i s  the  Fas t  Four ier  
Transform (FFT) which i s  an algori thm fo r  the rap id  computation o f  the 
D iscrete Four ier  Transform of a properly p r e - f i l t e r e d ,  sampled, and 
d i g i t i z e d  s ig n a l .  By proper shaping or  windowing the  spec t ra  of  
an FFT, d i g i t a l  f i l t e r i n g  i s  done. From the H i lb e r t  Transform o f  the 
experimental da ta ,  the envelope magnitude and c a r r i e r  phase s h i f t  o f  the 
modulated signal  are ca lcu la ted  [32 ,33 ,34] .  Peak d e t e c to r s  and phase un­
wrapping algori thms a re  used on the envelope magnitude and c a r r i e r  
phase r e s p e c t iv e ly  to  remove the  parameter information from the d i g i t i z e d  
s ig n a l .  The mathematical model i s  used in the recons t ruc t ion  of  the 
signal  to  be fedback and compared with the  o r ig in a l  to  c lose  the loop.
An open loop algori thm takes the  parameter  information and transforms i t  
in to  r e l a t i v e  impedance p r o f i l e s  f o r  f u r t h e r  i n t e r p r e t a t i o n .
5.2 Program Plan
An in t e r a c t i v e  signal  processing  program, Boundary Coef f ic ien t s  
Analys is ,  was w r i t t en  fo r  ana ly s i s  of  the  experimental d a t a ,  shown in 
block diagram in Figure 5 .3 .  The software vers ion of  i t ,  c a l l e d  
BCOEFA.FOR i s  found in Appendix F.
The f i r s t  block in the diagram i s  the FFT. This i s  an algori thm 
fo r  c a l c u la t in g  the  Discre te  Fourier  Transform (DFT) in a p a r t i c u l a r l y  
e f f i c i e n t  way using both the  p ro p e r t i e s  o f  symmetry and p e r io d i c i t y .






















F ig u re  5 .3  -  B lock Diagram  o f  Boundary C o e f f ic ie n ts  A n a ly s is
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time function  i s  found by w r i t ing  an expression  fo r  the sampled func­
t i o n ,
N-l
x ( t )  = I  x(nAt) 6(t-nAt) (5 .1)
n=0
where
At i s  time sample-interval , and 
6 i s  the unit impulse function.
The Four ie r  Transform of  both s ides  i s  taken,
N-l
X ( f )  = I  x(nT) e "j2irfnT (5.2)
n=0
The frequency i s  made to  be a d i s c r e t e  v a r i a b l e ,  such t h a t ,
X(f) = V  x(n) e "J’27rnk/N (5.3)
n=0
where
f  = k/NT.
Equation 5.3 i s  the DFT. To get  the  inverse  DFT, IDFT, take  Eq. 5.3 
and sum both s ides  with a complex exponent ia l ,
V  X(k) eJ2 ' rk/N = V  ( V  x(n) e- j 2’ nk/N) e J 2’ rk/N (5 .4)
k=0 k=0 n=0
By changing the  o rder  of  the summations, the r i g h t  hand s ide  becomes
N-l N-l
I  x(n) I 
n=0 k=0
l e - J 2* ( " - r )k^N (5 .5)
The inner  summation i s ,
V  e - j2» (n - r )k /N  .  f o r  „=r ( 5 . 6)
k=0 = 0 , otherwise
The r i g h t  hand s ide becomes equal to  N x ( r ) .  Therefore,
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x ( r )  = i  V  X(k) ej27rrk/N (5.7)
N k=0
which i s  the IDFT. the DFT p a i r  may be w r i t t e n  a s ,
X(k) = I  x(n) w’ nk (5 .9)
n=0 n
i N-l nlr
x(n) = m I  X(k) wN 
N k=0 N
l(nk _ j27rnk/N 
N “ e
A four po in t  FFT algor i thm i s  r e a l i z e d  as fo l lows,
X(k) = I  x(n) W‘ nk + I  x(n) W‘ nk (5.10)
n n
even odd
S u b s t i t u te  2r  f o r  even n and 2r+l f o r  odd n,
N/2-1 2rk N/2-1 r ? r* l lk
X(k) = I  x(2r)  WN + I  x(2r+l)  W~(2r+1)k (5.11)
r =0 N r =0 n
Since,  W2nk = e 2j27rnk/N = e J'2irnk/N/2 = w|Jk2 , (5.12)
equation 5.11 may be rew r i t t en  as fo l lows,
N/2- 1 k . N/2-1 .
X( k) = I  x (2r)  WNj£  + WJ I  x (2 r+l )  WN^  (5.13)
= G(k) + Wk H(k).
The signal  flow graph f o r  equation 5.12 i s  shown in f igu re  5 .4 ,  where 
the following s u b s t i t u t i o n s  have been made using the  p e r io d i c i t y  pro­
pe r ty ,
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G(2) = G(0) (5.14)
H(2) = H(0), s ince
u0 .  eJ2„0/2 „ ej 2 . 2 / 2  .  „2
Also
G(3) = G(l)
H(3) = H(l) .
The signal  flow graph f o r  the 2 po in t  DFT i s  found by w r i t ing  down the 
expressions  f o r  G(k),
6(0)  = x(0) W° + x (2) W° (5.15)
6(1) = x (0) W° + x (2)
Then by using equation  5.12 and s u b s t i t u t i n g  in to  the flow graph of
f ig u re  5 .4 ,  the e x p l i c i t  s ignal  flow graph fo r  the  4 po in t  FFT is
found as shown in f ig u re  5 .5 .  The purpose o f  the  FFT i s  to  reduce the
2
number o f  complex add i t ions  and m u l t ip l i c a t i o n s  from N , required  fo r  
the  DFT, to  a smal le r  number. From the  flow graph,  t h e r e  a re  N complex
m u l t ip l i c a t io n s  and add i t ions  per s tage and th e re  a re  logg N s tages .
o
The number of  equat ions have been reduced from N  t o  N  log2 N  which 
becomes apprec iab le  as N  becomes l a rg e r  [32].
A graphical  d e s c r ip t io n  showing how the  d i s c r e t e  sample po in ts  
r e l a t e  to  the time and frequency domain wil l  aid  in the  d e t a i l e d  
de s c r ip t io n  o f  the f i l t e r  implementat ion.  There are  N d i s c r e t e  data 
poin ts  taken to  descr ibe  a t runca ted  sample o f  continuous time func­
t i o n ,  T seconds in length .  The sampling in te rv a l  i s  At and n i s  an 
in t e g e r  va r ia b le  rep resen t ing  the ( n + l ) s t  sample a t  the time nAt, as 
shown in f ig u re  5 .6a ,
t  = nAt, n = 0,  1 , 2 ,  . . .  N  -  1. (5.16)
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Figure 5.4 -  Signal Flow Graph fo r  4 Poin t  FFT
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F ig u re  5 .5  -  E x p l ic i t  S ig n a l Flow Graph f o r  4 P o in t FFT
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The sampling r a t e  1/At i s  chosen to  be g r e a t e r  than twice the  h ighes t  
frequency component in the  continuous time func t ion ,  s a t i s f y i n g  Nyquis t ' s  
sampling theorem. There a re  a l so  N d i s c r e t e  data  po in ts  in the frequency 
domain descr ib ing  the DFT of the time func t ion .  The to t a l  frequency 
range from 0 to  F inc ludes  both p o s i t i v e  and negat ive f requenc ies .  The 
frequency in t e rv a l  i s  Af and k i s  an in t e g e r  v a r i a b le  rep resen t ing  the 
( k + l ) s t  sample o f  p o s i t i v e  frequency o f  kAf f o r  k _< N/2 and the
(N-k)th sample o f  negat ive frequency fo r  k > N/2,
f k = kAf, k = 0,  1, 2,  . . .  N/2 (5.17)
= -(N-k)Af,  k = N/2 + 1, . . .  N-l ,
as shown in f igu re  5 .6-b .  The r e l a t i o n  between the number o f  samples 
frequency r e s o lu t io n ,  time sample i n t e r v a l ,  t o t a l  time range and to t a l  
frequency range are
At = 1/F,  (5.18)
Af = 1/T,
and
N = T/At = F/Af
Although the data  was reduced to  four times slower than rea l  time so t h a t  
the maximum a v a i l a b l e  sampling r a t e  of  12.8 kHz would not  be exceeded, the 
equ iva lent  sampling r a t e  f o r  the real  time da ta  was 51.2 kHz. For 
ana lys i s  of  the experimental data  the equ iva len t  sample r a t e  o f ,
F = 51.2 kHz,
was used which allowed proper sampling of  the  h ig hes t  s ignal  frequency 
component o f  16 kHz with ease.  The number o f  poin ts  was chosen to  be,
N = 1024,
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to al low a d i sp lay  t ime,
T = NAt = N/F = 20 ms,
of  continuous signal  which was adequate f o r  a l l  echos analyzed.
The second block in the f igu re  5.3 i s  the f i l t e r  which i s  
r ec tangu la r  with a un ity  pass-band from 9 kHz to  15 kHz. The f i l t e r  
i s  implemented in the frequency domain such t h a t ,
F(k) = H(k) X(k) (5.19)
where
H(k) = 1 ,  9 kHz < | kAf| < 15 kHz 
= 0 , otherwise .
Since,
Af = 50 Hz,
the range of  k fo r  p o s i t i v e  f requencies  i s  from 180 to  300, and the 
range fo r  nega tive f requencies  i s  from 844 to  724, as shown in f igu re  
5.7a.  I t  i s  informative to examine the impulse response of  the 
f i l t e r  in the d i s c r e t e  sampled time domain. The Four ier  Transform of  a 
r ec tangu la r  funct ion  i s  a s in  x/x funct ion [67] .  The f i r s t  zero of  t h a t
funct ion in the  time domain occurs a t  1/ f ,  where f  i s  the width o f  the
rec tang le  in the  frequency domain,
Tz = 1/ f  = 1 /6  ms.
In terms of  the number o f  d i s c r e t e  samples in the  time domain, t h i s  i s ,
(TZ/T)N = 8.5
Two f a c t s  may be s t a t e d  about t h i s  func t ion ,  shown p lo t ted  in f ig u re  5.7b,  
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Figure 5.6 -  Location of  D iscre te  (a)  Time and (b) Frequency Samples
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F ig u re  5 .7  -  F i l t e r  in  D is c re te  (a )  Frequency and (b )  Time Domain
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(1) t h a t  the t o t a l  ze ro -c ross  over width i s  1/3 ms, which i s  c lose  
t o  the pulse width of  the t r ansm i t ted  s ig n a l ,  and
(2 ) t h a t  the response i s  non-causal .
Fact 1 means t h a t  in e f f e c t  the processing i s  doing a c r o s s - c o r r e l a t i o n  
of  the echo with the assumed t r ansm i t t ed  pu lse ,  which has the  bes t  p o s s i ­
b le  s ig n a l - t o - n o i s e  r a t i o ,  S/N, f o r  e x t r a c t i n g  re tu rn ing  boundary pulses 
from the echo. Since the processing i s  not done in r e a l - t im e ,  f a c t  2 
only means t h a t  th e re  i s  no delay introduced in to  the  processed signal  
a t  t h i s  po in t  in  the  process.
The next two blocks in f ig u re  5.3 are  an IFFT and a summing node 
which operate on the s ignal  in t h a t  r e spec t ive  order .  The IFFT t r a n s ­
forms the d i s c r e t e  f i l t e r e d  spectrum back to  the time domain where i t  
i s  compared with the  d i s c r e t e - t i m e  experimental s ig n a l .  At t h i s  
po in t  the computation loop i s  closed and an overview of  the way in 
which the loop functions  becomes app rop r ia te .  Each pass through the 
loop e x t r a c t s  the magnitude, two-way t rave l  t ime,  and phase s h i f t  i n ­
formation o f  the next d e tec ta b le  peak in time order  from the experimental 
s ig n a l .  This information i s  used to  es t imate  the boundary r e f l e c t i o n  
c o e f f i c i e n t  magnitude and phase f o r  the next l a y e r  boundary in i n c re a s ­
ing depth order .  The space propagation f a c t o r ,  found from tv/o-way 
t rave l  time and assumed a t ten u a t io n  c o e f f i c i e n t ,  along with the  boundary 
r e f l e c t i o n  c o e f f i c i e n t  i s  in s e r t e d  in to  the r ecu rs ive  p a r a l l e l - l a y e r  
mathematical model algori thm. The algori thm i s  used f i r s t  to  compute 
the r e f l e c t i o n  c o e f f i c i e n t  a t  the top edge of  the new depth laye r .
Then in  a recurs ive  way, using the  s to red  boundary c o e f f i c i e n t s  of
the overburden l a y e r s ,  i t  i s  used to  compute the r e f l e c t i o n  c o e f f i c i e n t s ,
V(m, k) . . .  V(l ,  k) ,  o f  the boundary a t  m, back to  the f i r s t  a t  the water-
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sediment i n t e r f a c e .  Since i t  i s  d e s i r a b l e  to  leave the  pulse from 
the l a s t  de tec ted  boundary in the experimental s ignal  f o r  phase compari­
son purposes with the pulse to  be de tec ted  in the next loop pass,  i t s  
Fourier  Transform i s  removed from V(l ,  k) while the transform of  i t s  
multi  p i e - r e f l e c t i o n s  i s  l e f t  in .  The r e s u l t i n g  t r a n s f e r  func t ion ,  R(k), 
i s  m ul t ip l i ed  by the spectrum, I ( k ) , o f  the assumed input  pulse and an 
IFFT, i s  taken to  get  the model s ignal  fo r  comparison with the e x p e r i ­
mental s ignal  a t  the feedback summing node. Refer  to  Appendix G f o r  an 
example o f  the numerical comparison of  m(n) with f (n )  a t  t h a t  node. The
loop process i s  repeated un t i l  a l l  l a rge  amplitude pulses have been
processed and the remaining ones are assumed to  have been generated by 
mu11 i p i e - r e f 1e c t  i ons .
Ins ide  the computation loop,  the H i lb e r t  Transform, an a ly t i c  
s ig n a l ,  and envelope magnitude blocks are used f o r  d i g i t a l  demodulation 
of  the  input  s ignal  as described in d e t a i l  in Chapter  3,  equations
3.1 through 3.4 .  Once the a n a ly t i c  s ignal  has been obta ined ,  i t s  
components may a l so  be used to  e x t r a c t  the phase s h i f t  o f  the signal 
with re spec t  to  zero degrees of  a cosine funct ion  in the following way. 
The d i s c r e t e  a n a l y t i c  s ignal  i s
a(n)  = s(n)  + jh (n )  (5.20)
The signal  phase s h i f t  i s  found,
tp(n) = t a n "1 h ( n ) / s ( n ) .  (5.21)
Since the  a rc tan  funct ion  i s  a two quadrant func t ion ,  a phase unwrap­
ping algori thm was used to  genera te the phase s h i f t  as a sampled 
continuous function  of  time.
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The software program ca l l e d  UNWRAP i s  found in Appendix F. The 
computed phase s h i f t  ip(n) a t  the f i r s t  po in t  i s  compared with the 
p o l a r i t y  of  the d i s c r e t e  sample from the modulated signal  as in f igu re  
5.8 .  This comparison determines which quadrant tp(n) i s  in ,  as  shown by 
the p o s s i b i l i t i e s  and outcomes in t a b le  5.1 .
The angle of  tp(n) with r e sp ec t  to  zero degrees on the  p o s i t i v e  
cosine funct ion  i s  determined and s to red .  The process i s  repeated fo r  
the next  sample <p(n+l) which i s  d if fe renced  with ip(n) to  f ind  the in c re ­
mental inc rease ,
de = p(n+l)  -  ip(n). (5.22)
I f  the increase  i s  p o s i t i v e ,  then i t  i s  summed with e (n ) ,  and i f  i t  i s  
negat ive ,  then (360-de) i s  s e t  equal to  de and summed with e (n ) ,
e(n+l)  = e(n)  + de. (5.23)
The unwrapping i s  continued u n t i l  a l l  1024 samples have been done and 
e(n) as a d i s c r e t e  v a r ia b le  of  a sampled funct ion  has been found.
The time phase i s  removed from e(n) by s u b t r a c t io n ,
(p(n) = e(n)  - nAt, (5.24)
over the e n t i r e  func t ion .  P lo ts  o f  the envelope magnitude | a ( n ) | ,  and
the unwrapped phase s h i f t  minus time phase,  <f>(n), fo r  one of  the f i r s t  
echos of  f ig u re  3.3 a re  shown in f ig u re s  5.9 and 5.10.
I t  i s  observed from these  p lo t s  t h a t  the phase s h i f t ,  <t>, takes 
on a cons tan t  value over the same poin ts  where th e re  a re  well - reso lved  
r e f l e c t e d  pulse shapes ind ica ted  in  the magnitude p lo t .  This i s  to  be 
expected f o r  a r e f l e c t e d  pulse from a well def ined boundary of  a non- 
d ispe rs ive  media. I t  remains only to  remove the space phase accumulated
Figure 5.8 - Two Quadrant Phase Angle Values wrt  Cosine
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Figure 5.9 -  Envelope Magnitude of  Experimental Echo
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from one pulse to  the  next  and the ca lcu la ted  boundary phase of  the  top 
edge of  the l a y e r ,  to  f ind  the boundary phase of  the bottom edge,
^ (m + l )  = <(>(m+1) - (f>(m) + ajx(m+l) + <j>b (m) (5.25)
Here,
At (m+1) = x(m+l) -  x(m)
i s  the  two-way t r ave l  time which i s  used in the  propagation argument 
ins tead  of  z ,  s ince  i t  i s  d i r e c t l y  measurable,  where as z cannot be 
found without  knowledge of  the propagation v e lo c i ty  c ( z ) ;
fZ
-  9 dz
'  -  z z m  ■
JO
The index m,
m = 1, 2 , 3 , • • *M
i s  the space index of  the boundary la y e r s .  The p r in c i p l e  p a r t  o f  <|>b(m) i s  
found and an es t imated value fo r  the boundary phase of  the  r e f l e c t i o n  
c o e f f i c i e n t  f o r  non-d ispers ive  media i s  made,
<f>b(m) = 0° , f o r  (f>b(m) < 90°
‘J’jj(m) = 180° , f o r  ^ ( m )  > 90°.
This procedure i s  c a r r i e d  out  in f ig u re  5.3 a t  the  second summation node
following the unwrap block.
The next th ree  blocks co n s i s t in g  o f  the  r e f l e c t i o n  c o e f f i c i e n t ,  
space propagator ,  and mathematical model make up the  ana ly s i s  model which 
has been d iscussed  in d e t a i l  in Chapter 4,  Mathematical Models. The 
magnitude of  the J th  r e f l e c t i o n  c o e f f i c i e n t ,  C(J ) ,  i s  found by removing 
the mul t ip le  r e f l e c t i o n s  from the time s e r i e s  in f r o n t  o f  where i t s  
r e f l e c t e d  pulse appears.  This i s  done by processing  the s e r i e s  from the
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f r o n t ,  one c o e f f i c i e n t  a t  a time by c a l c u la t in g  mul t ip le  r e f l e c t i o n s
from t h a t  boundary with a l l  o the rs  in f r o n t  and then su b t rac t in g  them
from the time s e r i e s .  The next  pulse to  be processed needs only to  be
co r rec ted  fo r  t ransmission  and a t ten u a t io n  e f f e c t s ,
J - l  ? J -a(m)c c (m) AT ri (m)
|C (J ) |  = (SF) A(J) / (A n [1 - C (m)] n e w r  d ) ,  (5.26)
m=l m=l
where
SF i s  a s ca le  f a c t o r  to  account f o r  spher ica l  spreading loss  
through the water ,
A(J) i s  the  n o n - in t e r a c t iv e  amplitude of  the  pulse  a t  J
A i s  the amplitude of  the  h ig hes t  pulse in the  s e r i e s ,
J - 1 2
n £1 - C (m)] i s  the product  of  the transmission  terms a t  
m=l
the boundary of  J - l  through the  f i r s t ,
J - a ( m ) c  c  ( m ) A r d (m)
n e i s  the  product  of  the  a t tenua t ion
m=l
f a c to r s  through the laye rs  before J through the f i r s t .
Here, 8 .6 8 6  ot(m) i s  the a t t e n u a t io n  c o e f f i c i e n t  o f  the  la ye r  before m 
in dB/m,
c.. i s  the propagation v e lo c i ty  in water ,  
c r (m) i s  the r a t i o  of  the propagation v e lo c i ty  in the  layer  
before m to  t h a t  in water ,  and
ATd ( m + l )  = A t ( m + 1 )  +  (<f>z ( m + l )  -  <|>z (m)) /(360fc )
where
the second term is  a co r rec t ion  to  bring the  pulse a t  
J  in the model time s e r i e s  in phase with the pulse in the  expe r i ­
mental time s e r i e s .
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The space propagator  i s  the exponential  func tion express ing both two-way
time delay and a t t e n u a t io n ,
hkA fcc  (m)At . (m)  - j 2 i rkAfAT . (m)
Z(m) = e w r  d e d (5  27)
where
the a t t en u a t io n  c o e f f i c i e n t  i s  propor t ional  to  the  f i r s t  power of  
frequency,
8 . 686a = hf .
The mathematical model used i s  the d i s c r e t e  vers ion where the  r e f l e c t i o n
c o e f f i c i e n t  a t  the  top boundary o f  the subbottom i s  c a lcu la ted  f o r
layers  up to  J by applying equation 5.28,
k) .  (5.28)
in a recu rs ive  way u n t i l  V(l ,  k) i s  obta ined.  The pulse a t  J i s  then 
removed from the model f o r  phase comparison purposes with the next
processed pulse and the t r a n s f e r  function  becomes
J - l  ,  J 
R(k) = V(l ,  k) Z( l )  -  C(J) n [1 - (T(m)] n Z(m). (5.29)
m=l m=l
The t r a n s f e r  funct ion  i s  an es t im ate  of  the experimental time 
s e r i e s  where the input  pulse signal  has been deconvolved from i t .  In 
o rder  to  compare model data  with experimental data the  t r a n s f e r  function 
i s  m ul t ip l ied  by the spectrum of the assumed input  pulse,
M(k) = R(k) I ( k ) ,  (5.30)
where
I(k)  i s  a 50% ra i sed  cos ine  spectrum and,  i t s  frequency range 
i s  9kHz < | f |  < 15kHz.
I t s  implementation in the d i s c r e t e  frequency domain i s ,
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I(k)  = .5[1 - cos 4ir(k -  k] ) / ( k 2 - k ^ ] ,  (5.31)
where
k  ^ = 180 and k2 = 300 and,
180 < k < 300.
This only takes  care o f  the p o s i t i v e  d i s c r e t e  f requencies  as seen in 
graphs 5.6  and 5.7 which were pa r t  o f  the r ec tangu la r  d i s c r e t e  frequency 
f i l t e r  described e a r l i e r  in the chapter .  In order  to  m ul t ip ly  the 
negat ive f requenc ies  in R(k) by I(k)  p roper ly ,
Re[M(N-k)] = Re[M(k)]
Im[M(N-k)] = -Im[M(k)], (5.32)
fo r  the same range o f  k, which makes the negat ive d i s c r e t e  spectrum 
equal to  the conjugate of  the p o s i t i v e  spectrum. An IFFT i s  taken of  
M(k) to  get  m(n), the model time s e r i e s ,  and the ana ly s i s  loop i s  closed.
A desc r ip t io n  of  the transformation  of  the  es t imated  parameters 
in to  o the r  va r iab les  as shown in f ig u re  5.1 fo l lows.  This i s  done in 
the impedance p r o f i l e  block shown in f ig u re  5 .3 ,  a f t e r  a l l  the boundary 
r e f l e c t i o n  c o e f f i c i e n t s  have been determined.  The r e s u l t s  a re  r e l a t i v e  
impedances o f  the laye rs  normalized to t h a t  of  water ,  
where
p c ( 1 )  =  1 .
Since the boundary r e f l e c t i o n  c o e f f i c i e n t  a t  the J th  boundary i s ,
C(J) = Cpc(J) -  p c ( J - l ) ] / [ p c ( J )  + p c ( J - I ) ] ,  (5.33)
the r a t i o  of  c h a r a c t e r i s t i c  impedances i s  found to  be,
p c ( J ) / p c ( J - l )  = [1+C(J) ] /[1 -  C (J ) ] .  (5.34)




pc(J)  = n pc(m)/pc(m-l ) . (5.35)
m=l
This process can be implemented from the top of  the  sediments through 
to  the bedrock by us ing,
pc(m) = pc(m-l)(1 + C(m))/(1 - C(m)) (5.36)
in a recu rs ive  way. The c h a r a c t e r i s t i c  impedance values a re  s tored 
and then p lo t t e d  in to  a r e l a t i v e  impedance p r o f i l e  fo r  f u r t h e r  i n t e r ­
p r e ta t io n  of  the subbottom s t r u c t u r e .
5.3 Analysis
The echo frames analyzed were taken from t r a n s e c t  C shown in 
Figure 3.1 and loca ted  on the survey p r o f i l e  shown in Figure 5.11.
5.3.1 Loss less Case - Echo #1
Signal process ing  analyses were made using BCOEFA on echos taken
from the p r o f i l e  shown in f ig u re  3 .3 .  The f i r s t  ana ly s i s  was worked fo r
the lo s s l e s s  case where a l l  a t t en u a t io n  c o e f f i c i e n t s  were s e t  equal to  
zero .  The experimental magnitude of  the envelope fo r  echo #1 i s  shown 
in f ig u re  5.12.  This should be compared with the simulated magnitude 
shown in f ig u re  5.13.  The degree of  f i t  o f  the  simulat ion to  the ex­
periment,  the res idua l  energy l e f t  in the signal  a f t e r  the  simulated 
s e r i e s  has been removed from i t ,  i s  shown in f ig u re  5.14.  This shows 
t h a t  75% of  the signal  energy has been removed. The remaining energy is  
due to  th ree  causes,
( 1 ) pulses not  found because they were below the th reshold  
1e v e l ,
(2 ) unresolved pulses which were not found because the loop
Figure 5.11 -  Location o f Echos Analyzed from Experimental Data
*- s
Figure 5 . 1 2 -  Experimental Envelope Magnitude f o r  Echo #1
oe
0 .0 0 0.07'  1 0 .0 0  
TIME MS
13.33 10.07
Figure 5.13 -  Simulated Envelope Magnitude f o r  Echo #1, Lossless Case,
Reflec t ion  C oef f ic ien t  Scale Factor  = .12 ,  Threshold = .033
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c a l c u l a t i o n s  proceeded in a forward d i r e c t io n  without  
backing up, and
(3) m u l t ip le  r e f l e c t e d  pulses which did not always coincide
with the  experimental en d -o f - s e r i e s  pu lses .
For t h i s  s imulat ion the  th resho ld  level  was s e t  a t  .033 which means t h a t  
only pulses g r e a t e r  than 3% o f  the  l a r g e s t  pulses  in the  s e r i e s  were 
f i t .  The sca le  f a c t o r  which,
( 1 ) accounts f o r  the  spher ica l  spreading lo s s  o f  the 
acous t i c  wave through the  water column,
(2 ) e f f e c t s  the  sca le  of  the  r e l a t i v e  impedance pro­
f i l e ,  and
(3) e f f e c t s  the  s i z e  o f  the  mul t ip le  r e f l e c t i o n s  o f  the 
sound pulse between the  la ye r  boundaries,
was s e t  a t  .12. This was done in an i n t e r a c t i v e  way by running the 
program, observing the impedance sca le  and mult i pi e - r e f l e c t i o n  s i z e ,  and 
a d jus t ing  the s ca le  f a c t o r  accord ingly .  The m u l t i p l e - r e f l e c t i o n  s i z e  i s  
the amplitude of  the  pu lses a f t e r  the  l a s t  l a rg e  amplitude pulse o f  the 
s e r i e s  t h a t  has been f i t ,  and the  impedance i s  sca led  fo r  a maximum 
value equal to  t h a t  o f  g r a n i t e ,  as given in t a b l e  5.2
I t  was assumed t h a t  the  basement was g r a n i t e  and so the  maximum 
value o f  the r e l a t i v e  impedance was s e t  near  11. Since the  la rge  
amplitude pulses near  the  end o f  the  s e r i e s  were la rg e ly  unresolved,  i t  
was a l so  assumed t h a t  the  boundary phase should always be p o s i t i v e  in 
t h a t  pa r t  o f  the  time s e r i e s  such t h a t  the  r e l a t i v e  impedance values 
would increase  in a monotonic way to  t h a t  o f  g r a n i t e .  Figure 5.15 
shows the  r e l a t i v e  impedance p r o f i l e  fo r  the  l o s s l e s s  case .
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materia l  dens i ty  v e lo c i ty  r e l a t i v e  r e f l e c t i o n  atten@ 12kHz
Cg/cm ] r a t i o  impedance c o e f f i c i e n t  [dB/m]
water 1 1 1 - -
ooze - - 1.440 .180 0.70
s i l t y  c lay 1.421 0.994 1.412 .171 0.84
clayey s i l t 1.488 1.014 1.509 .203 1.08
sand s i l t  clay 1.590 1.033 1.642 .243 1.80
s i l t 1.767 1.062 1.877 .305 2.76
sandy s i l t 1.787 1.088 1.944 .321 5.40
s i l t y  sand 1.806 1.091 1.970 .327 8.28
very f in e  sand 1 .8 6 6 1.111 2.073 .349 8.04
f ine  sand 1.957 1.147 2.245 .384 7.24
coarse sand 2.034 1 .201 2.443 .419 5.76
g ran i t e - - 10.760 .830 -











0 .0 7 10.00 
TIME n s
1 3 .3 3 1 0 .0 70.00 3 .3 3
F ig u re  5 .1 5  -  R e la t iv e  Impedance P r o f i le  f o r  Echo # 1 , Lossless Case
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5 .3 .2  Lossy Case - Echo #1
An ana ly s i s  f o r  echo #1 was worked fo r  the lo ssy  case where 
a t tenua t ion  c o e f f i c i e n t s  f o r  real  m a te r ia l s  were put  in to  the BCOEFA 
program. Figure 5.16 shows the experimental magnitude p l o t  f o r  same 
page comparison with the simulated time s e r i e s  shown in f ig u re  5.17.
The f i t  i s  the same as fo r  the l o s s l e s s  case  as shown by the res idua l  
energy p lo t  in f ig u re  5.18,  i . e .  a 75% f i t .  Table 5.3 shows the  assumed 
order  o f  m a te r ia l s  layered in the subbottom with t h e i r  a t t en u a t io n  
c o e f f i c i e n t s .
The vege ta t iona l  ooze had been de tec ted  a t  the  water-bottom 
in t e r f a c e  during experimental  surveying.  The a t t e n u a t in g  m a te r i a l s ,  
s t a r t i n g  with the c l a y e y - s i l t  a re  put in to  the ana ly s i s  program a t  the 
depth where the p o s i t i v e  boundary phase c o n s t r a i n t  i s  int roduced,  i . e .  
the impedance changes are forced to  be p o s i t i v e .  The a t t en u a t io n  increases  
in the  same order  as the  m a te r ia l s  are l i s t e d  in the t a b le  and then 
decreases again a f t e r  the sand f o r  m a te r ia l s  which have been assumed to 
have c h a r a c t e r i s t i c  impedances g r e a t e r  than 2 .5 .  This behavior has been 
shown to  be a general c h a r a c t e r i s t i c  t r a i t  o f  subbottom mate r ia l  layer ing  
by Hamilton [65].
A p r in t - o u t  f o r  t h i s  a n a l y s i s ,  run i n t e r a c t i v e l y  by,
(1) reading the tape  with READTP, IR0T3
(2) analyzing the signal  with BCOEFA, and
(3) s to r ing  the es t imated  parameters in data  f i l e s
is  shown in Appendix G. The p r in t - o u t  o f  the executed BCOEFA program 
shows t h a t  the  th resho ld  was s e t  a t  .032 as befo re ,  but  the  SF had to  be 
decreased to  .045 from the value of  .12 used before .  The SF value was 
a r r ived  a t  in an i n t e r a c t i v e  way by requ i r ing  the f in a l  impedance value
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m ateria l
a t ten u a t io n
[dB/m]
r e l a t i v e
impedance
water - 1
vegeta tional ooze - 1
c l a y e y - s i l t 1 1-1.5
s a n d - s i l t - c l a y 2 1 .5 -2 .0
sand 6 2 . 0 - 2 .5
• 2 2 .5 -
1
g ra n i te  -  1 1 . 0
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3 .3 30.00
Figure 5.17 - Simulated Envelope Magnitude fo r  Echo #1, Lossy Case, Re­
f l e c t io n  C o e ff ic ie n t  Scale Factor = .045, Threshold = .033
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in the  p r o f i l e  to  be near th a t  o f  g r a n i te .  .The f a c t  th a t  the  SF i s  le s s  
than before in d ic a te s  t h a t ,
( 1 ) th e re  is  more lo s s  w ith in  the  subbottom because o f  
the  assumed a t te n u a t in g  la y e r s ,  and
( 2 ) th a t  t h i s  e x t ra  lo s s  i s  accounted f o r  by le s s  lo s s  due 
to  spherica l spreading in th e  water column.
This an a ly s is  in d ic a te s  th a t  the  lower SF i s  more nea r ly  c o r re c t  and th a t  
i f  i t  had a lso  been used in the  lo s s le s s  c a se ,  th a t  the  f in a l  value o f  
the impedance p r o f i l e  would have been considerab ly  le s s  than t h a t  fo r  
g ra n i te .
The r e l a t i v e  impedance p r o f i l e  fo r  th e  lo ssy  case i s  shown in 
f ig u re  5 .19. In comparison with the  lo s s le s s  case ,  i t  appears to  be 
more symmetric about the  c e n te r  po in t in  the  m onotonically inc reas ing  
sec tio n .  I t  i s  in te r e s t in g  to  po in t out how well the  shape o f  t h i s  
curve agrees with the  model fo r  a continuously  inc reas ing  impedance 
due to  compaction proposed in chap ter  4 on Mathematical Models.
5 .3 .3  C onsis ten t Depth Layer - Echos #177-195
The next region o f  i n t e r e s t  was where th e re  appeared to  be con­
s i s t e n t  sharp high amplitude echo re tu rn s  w ith in  the  sediment column as 
shown from echo frames 177 to  195. Since the  gain was a l t e r n a t e ly  
switched from low to  high during the  t r a n s i e n t ,  every o th e r  echo in the  
s e r ie s  was processed fo r  a t o t a l  o f  10. The experimental magnitude of 
those i s  shown in f ig u re  5 .20 , where th e re  i s  no evidence o f  a p a t te rn  
between echo frames. A s im ulation o f  the  echos was run with BCOEFA fo r  
each echo frame by unstacking them one a t  a time from a random-access 






Figure 5.18 -  Residual Signal Energy fo r  Echo #1, Lossy Case
0 .0 7  10 .00  1 3 .3 3  1 0 .0 70 .0 0  3 . 3 3
TIME MS
F ig u re  5 .1 9  -  R e la t iv e  Impedance P r o f i le  f o r  Echo # 1 , Lossy Case
Figure 5.20 -  Experimental Ehvelope Magnitudes fo r  A lte rn a te  Echos #177-195
Figure 5.21 -  Simulated Envelope Magnitudes fo r  A lte rn a te  Echos #177-195, 
R eflec tion  C o e ff ic ien t  Scale Factor = .045, Threshold *
.132
0 . 0 0 33 8.87 1 0 .0 0  
TIME MS
Figure 5.22 -  R ela tive  Impedance P ro f i le s  f o r  A lte rn a te  Echos #177-195 
R eflec tion  C o e ff ic ien t  Scale Factor = .045, Threshold = 
.033
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and re s tack ing  the  ou tpu t parameter f i l e s  with STACUN. The th resho ld  
fo r  the  simulated echo magnitudes, shown in f ig u re  5 .21 , was ra ise d  to  
.132 or up to  13% of  the  maximum peak. This was an attem pt to  look fo r  
the  p a t te rn s  which showed up in the  fac s im ile  graph by e l im in a tin g  the 
low amplitude pulses which in t e r f e r e  with the  p ic tu re .  Next the  BCOEFA 
program was rerun f o r  a l l  10 echos using a th resho ld  value o f  .033 and a 
SF o f  .045 which worked s a t i s f a c t o r i l y  in processing echo #1 with 
a t ten u a t io n  lo s s e s .  The impedance p r o f i l e s  a re  shown f o r  th e  10 frames 
in f ig u re  5.22. In o rder  to  examine the  impedance in the  region before 
the monotonic in c re a se ,  these  p r o f i l e s  were trunca ted  a t  a va lue , but did 
a c tu a l ly  extend up to  the  f in a l  impedance value o f  g ra n i te .  The r e s u l t s  
were a decrease in  the  impedance p r o f i l e s  o f  80% o f  the  echos a t  the  
depth where a la y e r  image was ind ica ted  on the  fac s im ile  p lo t .  The 
in te rp r e ta t io n  o f  these  events i s  th a t  a la y e r  o f  gas bubbles from 
vegeta tional decomposition has been de tec ted  in the  sedimentary m a te r ia l .
5 .3 .4  Wide High In te n s i ty  Regions - Echo #923
The experimental and simulated magnitude fo r  echo envelope #923 
are  shown in f ig u re s  5.23 and 5.24 r e s p e c t iv e ly .  By looking on the  f a c ­
s im ile  p lo t  of f ig u re  5 .19 , i t  i s  seen th a t  t h i s  i s  in  the  region where 
th e re  appear to  be two groups o f  high-am plitude w id e - tra v e l- t im e  pulse 
s e r ie s .  Figure 5.25 shows th a t  the  sim ulated s e r i e s  f i t s  the  experimental 
up to  75%, the same as with the  o th e r  echos analyzed. The in t e r p r e ta t io n  
of the  s t r u c tu re  w ill  in fluence  how the  impedance p r o f i l e  looks and th e re  
are  a t  l e a s t  two in t e r p r e ta t io n s .  The one used fo r  the  p r o f i l e  shown 
in f ig u re  5.26 i s  th a t  the s t r u c tu re  i s  the  usual p o s i t iv e  and negative  
impedance change layer ing  up to  the  second o r  basement high amplitude 
region. There the  impedance i s  forced to  inc rease  monotonically to  the
Cl
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Figure 5.23 -  Experimental Envelope Magnitude fo r  Echo #923
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Figure 5.24 - Simulated Envelope Magnitude f o r  Echo #923, R eflec tion  
C o e f f ic ie n t  Scale Factor = .08 Threshold = .033
107
Figure 5.25 -  Residual Signal Energy fo r  Echo #923
n
0 . 0 0 3 .3 3 ’ 10 .0 0  
TIME MS
1 3 .3 3 10 .0 7
F ig u re  5 .2 6  -  R e la t iv e  Impedance P r o f i le  f o r  Echo #923
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f in a l  value o f  th a t  fo r  g ra n i t e .  A second in t e r p r e ta t io n  might be th a t  
the impedance o f  the  f i r s t  high amplitude region should a l so  be forced 
p o s i t iv e ,  followed by p o s i t iv e  and negative  changes, and ending in  the  
p o s i t iv e  inc rease  again a t  the  basement. Which ever one i s  c o r re c t  can 
only be determined by some ground t r u th  in form ation , i . e .  a core! A fte r  
th a t  was determined, the surveyor could provide d e ta i le d  trac k in g  data  
which could be analyzed and transformed in to  impedance p r o f i l e s .
CHAPTER 6
CONCLUSIONS
6.1 Engineering and Signal Processing Results
The conclusions and r e s u l t s  achieved fo r  t h i s  engineering  and 
signal processing  endeavor a re  the following:
1. A s u b s ta n t ia l  inc rease  in re so lvab le  d e ta i l  i s  seen in  sub-
bottom images on fac s im ile  graphs taken with the  3 degree 
aco u s tic  pa rabo lic  antenna over those taken with the  30 degree 
t ran sd u ce r ,  as seen in  graphs 3 .6 and 3 .7 .
2. The phase s h i f t  inform ation may be used to  supplement the
amplitude inform ation o f  the  echo c a r r i e r  in  a d ig i t a l  s ignal 
processing  technique to  f in d  the  r e l a t i v e  impedance p r o f i l e  o f  
the  subbottom, under the  following cond itions :
a . the  p ro je c to r  l a t e r a l  re s o lu t io n  must be w ith in  the
ta r g e t  l a t e r a l  area or d i f f r a c te d  pulses  w il l  a l so  be 
p resen t  as seen in  graph 3 .5 .
b. the  v e r t i c a l  r e so lu t io n  must be f in e r  than the  la y e r
spacing or r e f le c te d  pulses  w ill  become unresolvable  as 
seen a t  the  end o f  data  time s e r ie s  in graph 3.11.
c. the  aco u s t ic  t ran sm it ted  signal must be modulated by a
c a r r i e r  frequency from which the phase s h i f t  is  e x tra c ted  
as seen in graph 3.8 and,
d. th e  t ran sm itted  waveform must have a known shape from
which the  two-way t ra v e l  time i s  found to  w ith in  a few 
degrees of one cycle  o f  the  c a r r i e r .
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3. A d ig i t a l  processing program has been used to  analyze the  echo
time s e r i e s ,  by using an impedance model and a s ignal pro­
cesso r  in a d ig i t a l  feedback loop with the  experimental data  
as the  in p u t ,  where:
a. a plane p a r a l le l  la y e r  impedance model was assumed with 
rea l c h a r a c t e r i s t i c  impedances and a t te n u a t io n s  pro­
portional to  the  f i r s t  power o f  frequency as determined 
from em pirical observations  reported  by o th e rs  in the  
l i t e r a t u r e  [47 ,68 ,69 ] .
b. the  s ignal p rocessor es tim ates  r e f le c t io n  c o e f f i c ie n t s  on 
the  bas is  o f  reso lved  peak am plitudes, c a r r i e r  phase 
s h i f t ,  and time de lay ; and feeds back f i r s t  and m u ltip le  
in te rn a l  boundary r e f l e c t i o n  s ig n a ls  fo r  each embedded 
lay e r  s t a r t in g  with the  top and working in a stepwise 
fashion through the  sedimentary la y e rs  to  the  basement 
rock, and
c. the  outputs  o f  the  d ig i t a l  computation feedback loop 
include the  simulated magnitude o f  the  time s e r i e s ,  the 
phase s h i f t  o f  the c a r r i e r  o f  the  time s e r i e s ,  the  r e ­
sidual power in the  echo a f t e r  removal o f  the  simulated 
s e r i e s ,  and the  r e l a t i v e  impedance p r o f i l e  o f  the  sub­
bottom lay e rs  as in graphs 5 .15 , 5 .19 , 5.22 and 5.26.
4. A 75/S power f i t  has been achieved between modeled time s e r ie s
and experimental time s e r i e s  as shown in graph 5 .14 , where the  
remaining 25% is  due to  pulses  below the  noise  th resho ld  and 
unresolved pulses  a t  the end o f  the  time s e r i e s  which were not 
d e tec ted .
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5. Gas bubbles from decaying v ege ta tion  i s  one in t e r p r e ta t io n  fo r  
the  decrease in the  r e l a t i v e  impedance in  80% o f  the  ad jacen t  
p r o f i l e s  over a c ru is e  t rac k  a t  the  same depth where the 
fac s im ile  p lo t  in d ic a te s  a sediment la y e r ,  as seen in graphs 
5.22 and 5.11 re sp e c t iv e ly .
6.2 Recommendations fo r  F urther Study
F urther  study could be d ire c te d  toward the  following:
1 . use o f  a surveyor-type device in an o ffshore  area where known 
petroleum d ep o s its  e x i s t  fo r  f u r th e r  eva lua tion  o f  the  ideas 
and procedures presen ted ,
2. development of a complete 3-dimensional mathematical model fo r  
a n a ly s is  o f  subbottom d a ta ,
3. the  in v e s t ig a t io n  o f  n o n - l in ea r  devices fo r  narrow beam 
form ation , s ignal level and beam s te e r in g  c a p a b i l i ty  fo r  
p o ss ib le  development o f  a scanning surveyor,
4. development o f  b e t t e r  graphical techniques than p re sen t ly  
e x i s t  fo r  rap id  p re sen ta t io n  o f  h igh ly  d e ta i le d  processed 
d a ta ,  and
5. the  inco rpora tion  o f  the  s ignal processing  ro u t in e s  in to  
f a s t  algorithm s fo r  rea l time processing .
6.3 Future D irec tions
The p ro jec ted  d i r e c t io n s  fo r  high re so lu t io n  narrow beam sound 
devices a re  unlim ited  in both f i e l d s  o f  endeavor and the  r e s u l t s  to  be 
achieved by phase p rocessing . For example, when the  beam i s  narrower 
than the  o b je c t  to  be insonated , phase processing  i s  p o ss ib le  and when 
both amplitude and phase of the  r e f le c te d  signal a re  p resen t as good
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(s ignal to  no ise)  r a t i o  d e te rm in is t ic  s ig n a l s ,  then image reco n s tru c tio n  
is  p o ss ib le .  To re c o n s tru c t  an image f i e l d ,  the  beam must be scanned 
over the  f i e l d .  This has a p p l ic a t io n s  in medical d ia g n o s is ,  subbottom 
surveying, biomass e s tim ation  in  the  sea s ,  man-made offshore  s t r u c tu re  
i n t e g r i t y  exam ination, e tc .
APPENDIX A
PROGRAM TO COMPUTE ACOUSTIC FIELD PATTERN FOR A PISTON SOURCE
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TYPE P L A N E R . F 4
COMPLEX P R E S , C l t C 2 r 0 3 , C 4 *C 5 » C 6 r C 4 N E X T t C 5 N E X T  
D I M E N S I O N  P R E S A B < 4 0 0 )  * P R E S A N < 4 0 < > )
DATA GAMA * ELMT e R A D yX MAX /O * » * 2 5 y 1 2 . 5 * 2 5 . /
DATA D X * Z M A X * Z M I N * D Z / 1 * * 3 1 2 .  * 2 5 . *  1 * /
P R I N T  5 5 0  
P I = 3  * 1 4 . 1 5 9 2 6  
NMAX=RAD/ ELM T  
MMAX=NMAX*PI  
1=0
J M I N = Z M I N
JMAX=ZMAX
DO 7 0 0  J = J M I N * J M A X  
Z = J
I F ( J ~ J M A X / 2 ) 5 0 » 1 0 0 » 5 0  
5 0  X = 0
K = 0  
R=Z  
T H = 0
GO TO 2 0 0  
1 0 0  L M A X =2 # X M A X +1
DO 7 0 0  L = 1 * L M A X
K = L ~ X M A X - 1
X=K
R = S 0 R T < X # * 2 + Z * * 2 )
T H = A T A N ( X / Z )
2 0 0  DRPRM=RAD/NMAX  
D T H PR M =P I / M M AX  
C 6 = C M P L X < 0 .  » - 2 * P I * R )
C 1 = C M P L X ( 0 .  * < C O S < T H ) + C O S < G A M A ) ) # < D R P R M * # 2 * D T H P R M / R > ) # C  
C 2 = C M P L X ( 0 .  * - P I # D R P R M # * 2 / R )
C 3 = C M P L X < 0 . * - 2 * P I # D R P R M # ( S I N ( G A M A ) - S I N < T H ) ) )
C 4= C M P L X  ( 0  ♦ * 0 . )
DO 5 0 0  N = 1 * N M A X  
C5 =C M P L X  ( 0 . » 0  ♦ )
• DO 4 0 0  M=.t *MMAX
C 5 N E X T = C E X P < C 3 *  ( N - ♦ 5 ) * C O S  < D T H P R M * < M - . 5  > ) >
4 0 0  C 5 = C 5 + C 5 N E X T
C 4 N E X T =  < N - .  5 )  # C E X P  ( C 2 *  ( N - . 5  > # * 2 )  * C 5  
5 0 0  C 4 = C 4 + C 4 N E X T  
P R E S = C 1 * C 4  
1 = 1 + 1
P R E S A B  < I ) = C A B S < P R E S ) / 2  
D EN =R EA L  < P R E S )
I F ( D E N . E O . O >  GO TO 5 1 0  
P R E S A N ( I ) = A T A N ( A I M A G ( P R E S ) / D E N ) * 1 S O / P I  
GO TO 5 2 0  
5 1 0  P R E S A N < I ) = 9 0
5 2 0  P R I N T  & 0 0 , J * K * P R E S A B ( I ) * P R E S A N ( I )
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5 5 0  FORMAT < 3 X  * ' Z ' » 3 X » ' X ' » 1 2 X » '  P R E S S U R E ; ' » 1 2 X  * ' A N G L E ' )
6 0 0  F 0 R M A T < I 5 > I 4 » l l X > 2 < E . 1 . 5 . 7 r 5 X >  >
7 0 0  C O N T I N U E  
END
APPENDIX B
PROGRAMS TO SYNCHRONIZE, UNPACK, SORT, AND STORE 












































TYPE S Y N C 2 . F 0 R
S Y N C . F O R
ROBERT B OL US
T H I S  PROGRAM U S E S  A S  AN I N P U T *  D I G I T A L I Z E D  BATA  
A Q U IR E D  FROM E X P E R I M E N T *  I T  S E P E R A T E S  AND W R I T E S  A S  
OUTPUT THREE P O R T I O N S  OF THE I N P U T  D A T A :  N O I S E  SAMPLE
T R A N S M I T T I O N  S A M P L E S *  AND ECHO S A M P L E S  * INTERWOVEN  
WITH THE E X P E R I M E N T A L  BATA I S  S A M P L E S  OF A 1 2  K HERTZ  
REFERA NCE  S I G N A L *  THE DATA I S  PACKED THREE S A M PL E S TO 
A 3 6  B I T  WORD*
T IM E  C O N S T A N T S  -  ALL T IM E  U N I T S  I N  SAMPLE TIME
I 8 L 0 * I 8 H I  -  MINIMUM AND MAXIMUM D U R A T IO N  FOR 8  MIL
P U L S E ,
N T R A H I * N T R A L O  -  MINIMUM AND MAXIMUM LENGTH OF 5 8  M I L L I  
GAP BETWEEN END OF 8  MSEC P U L S E  AND 1 /  
T O N E .
N O I S E  -  AMOUNT OF T IM E  A F T E R  8  MSEC P U L S E  THE
I S  BEGUN TO BE S T O R E D .
KHOP -  T I M E  S K I P P E D  A F T E R  1 / 2  MSEC TONE TO SK
OVER R E V E R B E R A T I O N .
IE CHO  -  LENGTH OF TI ME  SA MPLED FOR ECHO
KPFWD -  AMOUNT OF TI ME  S K I P P E D  A F T E R  ECHO SAMP
TO APPROCH NEXT 8  MSEC P U L S E ,
J A NG E  -  AMOUNT OF TI ME  THAT AN A M P L I T U D E  I S  ME
B EF O RE  I T  I S  CONCLUDED THAT THE WRONG 
I S  B E I N G  A N A L Y S E D .
D I M E N S I O N  C H A O ) » I S K I P < 4 0 0 0 >
D I M E N S I O N  NAT < 2 0 0 0  > * I N G  < 6 ) *  J P A C  < 2 )
DATA I Y E S / ' Y E S ' /
DATA N D A T * J A NG E  * I 8 H I * I 8 L 0 / 1 2 5 0 0  * 4 0 0 0  * 4 2 0  * 3 8 0 /
DATA KHOP * I E C H O * K P F W D / 5 3 4  * 8 3 4  * 4 0 0 0 /
DATA N O I S E  * N T R A H I * N T R A L O * I F M A X / 1 6 5 0 , 3 0 4 4 » 2 7 5 6  * 1 0 0 0 /  
S K I P = 0 ,
I C N T = 4 0 0 1
A M P M A X = 2 0 4 8
A M P T H = . 0 6 0 * A M P M A X
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I F R A M E = 1
O P E N (  U N I T = 1 9 c  D E V I C E - '  MTA' cM O D E = ' IM A G E ' c F I L E - ' P I N G  ♦ I  
1 B U F F E R  C 0 U N T = 1 0 )
OPEN < U N I T = 1 1 c D E V I C E = ' D S K S ' c M O D E = ' I M A G E ' c F I L E = ' P I N G »  
1 B U F F E R  C G U N T = 1 0 )
7 0 0  W R I T E < 5 c 1 0 0 0 )
1 0 0 0  F O R M A T ( '  HOW MANY FRAMES DO YOU W IS H  TO J U M P ? " )
R E A D ( 5  c 1 0 0 2 ) JFRAME  
1 0 0 2  FORMAT( 1 4 )
I F ( J F R A M E ♦ L E ♦ 0 ) GO TO 3 0 5  
DO 4 0 0  J J = 1 c J F R A M E  
4 0 0  REAEK 1 1 ) I S K I P
3 0 5  REAEK 1 1 ) I S K I P < 1 >
W R I T E ( 5 c  3 1 0 ) I S K I P ( 1 )
3 1 0  FORM AT( '  WORD I S  ' c G 1 2 )
W R I T E ( 5 c 3 2 0 )
3 2 0  FORM AT( '  DOYOU W IS H  TO CHANGE C H A N N E L S ' )
R E A D ( 5 c 3 3 0 > J Y E S  
3 3 0  FORM AT( A 3 )
I F ( J Y E S » N E . I Y E S ) G O  TO 3 4 0
REAEK 1 1 ) S K I P  
3 4 0  W R I T E <5 c 3 5 0 )
3 5 0  F OR MA T< '  DO YOU WIS H TO ENTER P R O G R A M ? ' )
R E A D ( 5 c 3 6 0 ) J Y E S  
3 6 0  FORM AT( A 3 )
I F ( J Y E S . N E » I Y E S ) G O  TO 7 0 0
1 W R I T E < 5 c 2 ) IFRA ME
2  F OR MA T( '  FRAME NUMBER I S ' c I 4 c '  ♦ ' )
! I F < I F R A M E c E Q * 1 0 ) G O  TO 2 0 0
K - 0
3  N A T S E T = 0
4  I 8 S E T = 0
5  M P S E T = 0
1 0  J C N T = 0
2 0  I F < I C N T . LE * 4 0 0 0 ) GO TO 2 5
I C N T = 1
REAEK 1 1 ) I S K I P  
2 5  J P A C ( 1 ) = I S K I P  < I C N T )
J P A C ( 2 ) = I S K I P (  I C N T + 1 )
I C N T = I C N T + 2  
DO 3 0  1 0 = 1 c 2  
1 1 = 1 0 * 3 - 2
CALL I R O T ( J P A C ( 1 0 ) c I N G ( I l ) c I N G < I 1 + 1 ) c I N G ( I 1 + 2 ) )
3 0  C O N T I N U E
J C N T = J C N T + 3  
DO 3 5  1 = 1 c 3  
J = 2 * I - 1  
3 5  C H A ( I ) = A B S ( I N G ( J ) )
! W R I T E ( 5 c  3 7 ) J C N T  c C H A ( 1 ) c C H A ( 2 ) c C H A ( 3 )
3 7  F O R M A T ( 2 X c I 6 c 3 ( 2 X c F 1 0 * 3 ) )
I F  ( N A T S E T « E Q » 1 ) G 0  TO 1 1 8
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I F < I 8 S E T  * E Q . 1 >GO TO 8 0  
I F ( M P S E T . E G . 1 )GO TO 6 0  
DO 4 0  1 = 1 * 3
I F <C H A ( I ) . G T . A MPT H> 0 0  TO 5 0  
I F  ( J C N T * O T ♦ N D A T ) 0 0  TO .1.50 
4 0  C O N T I N U E
GO TO 2 0  
5 0  M P S E T » 1
W R I T E ( 5 * 5 5 )
5 5  FORMAT ( '  AMPL.ITUTE THRESHOLD A C Q U I R E D * ' )
GO TO 1 0
6 0  C H A D =C H A ( 1 ) + C H A ( 2 ) +CHA < 3 )
I F ( C H A D  « L T ♦ AMPT H)  GO TO 7 0
I F ( J C N T  . G T .  J A N G E )  GO TO 6 5
GO TO 2 0  
6 5  R E A D ( 1 1 ) S K I P
I C N T = 4 0 0 1  
W R I T E ( 5 * 6 7 )
6 7  FORMAT( '  CHANGE C H A N N E L S ' )
GO TO 5
7 0  I F ( ( J C N T  . L E .  I 8 H I )  . A N D .  ( J C N T  , G E .  I 8 L 0 ) )  GO TO 7 4
W R I T E ( 5 * 7 2 )
7 2  F O R M A T d X * ' S Y N C  L O S T  WHILE S E A R C H I N G  FOR 8  MSEC TONE
GO TO 5
7 4  W R I T E ( 5 * 7 5 )
7 5  FORMAT( '  8  MS TONE D E T E C T E D . ' )
I 8 S E T = 1
GO TO 5  
8 0  DO 9 0  FOR 1 = 1 * 3
I F ( C H A ( I ) , G T . A M P T H ) G O  TO 1 0 0  
9 0  C O N T I N U E
I F ( J C N T . G T . N O I S E ) G O  TO 1 1 0  
GO TO 2 0  
1 0 0  M P S E T = 1
I 8 S E T = 0  
W R I T E ( 5 * 1 0 5 )
1 0 5  FORMAT( '  ' * ' S Y N C  L O S T  WHILE W A I T I N G  TO TAKE N O I S E  SA
GO TO 1 0  
1 1 0  N A T S E T = 1
W R I T E ( 5 » 1 1 5 )
1 1 5  FORMAT( '  S T O R I N G  N O I S E  S A M P L E . ' )
1 1 8  DO 1 1 9  1 = 1 * 3
I F ( C H A ( I ) ♦ G T ♦ A MPT H) GO TO 1 2 0
1 1 9  C ON TI N U E  
K = K + 2
N A T ( K - l ) = J P A C ( 1 )
N A T ( K ) = J P A C ( 2 )
GO TO 2 0
1 2 0  I F ( ( J C N T  . L E .  N T R A H I )  . A N D .  ( J C N T  . G E .  N T R A L O ) > 6 0  TO
W R I T E ( 5 * 1 2 1 )

















I C N T = I C N T - 2
DO 5 1 0  J = K + 1 » K + 6 0
I F < I C N T . L E , 4 0 0 0 ) GO TO 5 3 0
I C N T = 1
REAEK 1 1 ) I S K I P  
N A T ( J ) = I S K I P ( I C N T )
I C N T = I C N T H  
W R I T E ( 5 > 1 2 5 )
FORMAT( '  S T O R I N G  T R A N S M I T T E R  S A M P L E ' )
K N 0 I S E = 3 # I F R A M E - 2
W R I T E ( 1 9 ) K N 0 I S E
W R I T E ( 1 9 ) ( N A T ( I ) * 1 =  1 f K - 3 6 )
K T R A N S = 3 * I F R A M E - 1
W R I T E < 1 9 ) K T R A N S
W R I T E < 1 9 ) ( N A T  < I ) » I = K - 3 5 » K + 6 0 )
DO 1 3 0  J = I f K H O P
I F ( I C N T . L E . 4 0 0 0 ) GO TO 5 4 0
I C N T = 1
R E A O ( 1 1 ) I S K I P  
K I P = I S K I P ( I C N T )
I C N T = I C N T + 1  
K E C H 0 = 3 * I F R A M E  
W R I T E ( 1 9 ) K E C H 0  
W R I T E ( 5 f 1 4 0 )
FORMAT( '  S T O R I N G  ECHO S A M P L E . ' )
HO 5 5 0  J = 1 f I E C H O
I F ( I C N T . L E . 4 0 0 0 ) GO TO 5 6 0
I C N T = 1
R E A 0 ( 1 1 ) I S K I P  
N A T ( J ) = I S K I P ( I C N T )
I C N T = I C N T f l
W R I T E ( 1 9 ) ( N A T ( I ) f 1 = 1 r I E C H O )
00 570 J=lfKPFWn
I F ( I C N T . L E . 4 0 0 0 ) GO TO 5 3 0
I C N T = 1
R E A O ( 1 1 ) I S K I P  
K I P = I S K I P ( I C N T )
I C N T = I C N T + 1  
I F R A M E = I F R A M E + 1 
GO TO 1
I F ( I F R A M E . G T . I F M A X ) G O  TO 2 0 0
GO TO 1 0



























TYPE S O R T . F O R
S O R T . F O R
T H I S  PROGRAM T A K E S  THE PACKED DATA FROM S Y N C . F O R  AND  
S E P E R A T E S  THE THREE T Y P E S  OF DATA* L E A V I N G  I T  I N  I T S  
PACKED FORM * FOR U S E  BY THE F F T . F O R  PROGRAM.
D E C L A R A T I O N
I N T E G E R  WORD
-  THE DATA WORD READ FROM THE I N P U T  F I  
IN T E G E R  WRDCNT *BLKCNT
-  WORD AND DATA BLOCK COU NTERS
I N T E G E R  TY P E
-  I N D I C A T E S  WHICH TY P E  OF DATA I S  EXAM 
( 0  FOR ECHO* 1 FOR N O I S E *  2  FOR TRAN
I N T E G E R  T 0 T W R D < 3 )
-  TOTAL NUMBER OF WORDS I N  EACH OUTPUT
L O G IC A L  DONE
-  L O G I C A L  FLAG S E T  WHEN ALL DATA HAS B 
I N T E G E R  ANSWER * N I L  * Y E S  * Z ER OS  * TTY
DOUBLE P R E C I S I O N  F I L E N M
-  THE NAME OF THE I N P U T  F I L E
MAIN PROGRAM
D O N E = . F A L S E .
WRDCNT=0  
B L K C N T = 0
DATA T O T W R D / O * 0 * 0 /
DATA Y E S / ' Y ' /
DATA N I L / O /
DATA T T Y / 5 /
C I N P U T  F I L E  IN F OR M AT IO N
W R I T E ( T T Y * 1 )
1 F O R M A T ( ' l ' * ' W H A T  I S  THE NAME OF YOUR I N P U T  F I L E  ?  ' * $  
R E A D ( T T Y * 2 ) F I L E N M
2  F O R M A T ( A 1 0 )
WRITE < T T Y » 3 ) F I L E N M
3  F O R M A T ! I X * ' O N  WHAT D E V I C E  I S  ' * A 1 0 * '  LOCATED ?  ' * * >  
R E A D ( TTY * 4 ) I N D E V
4  F O R M A T < A 5 )
W R I T E < T T Y * 5 )
5  F O R M A T C t X * ' O N  WHAT D E V I C E  DO YOU WANT YOUR OUTPUT F I L E  
READ < TTY * 6 ) OUTDEV
























□ P E N  DATA F I L E S  
0 P E N ( U N I T = 1 9 *  D E V I C E = I N D E V *  M O D E - ' I M A G E ' *  F I L E = F I L E N M  
0 P E N ( U N I T = 1 0 *  D E V I C E = G U T D E V *  MODE55' IM A G E ' * F I L E = ' N O I S  
0 P E N ( U N I T = 1 3 *  D E V I C E = O U T D E V *  MODE55' I M A G E " » F I L E = ' T R A N  
O P E N ( U N I T = 1 2 *  D E V I C E = O U T D E V »  MODE55' I M A G E ' * F I L E = ' E C H G
i t f P U T  C A L C U L A T IO N  IN F OR M AT IO N
WR ITE < T T Y * 1 0 )
F O R M A T ( I X * ' D O  YOU WANT TO ADD Z E R O S  TO THE ECHO DATA  
READ ( TTY * 2 0 ) ANSWER  
F O R M A T ( A l )
I F ( A N S W E R  « N E .  Y E S )  GO TO 7 0  
C O N T I N U E  
W R I T E ( TTY * 4 0 )
F OR MA T< I X * 'HOW MANY Z ER OS  DO YOU WANT TO ADD 
READ < TTY * * ) Z ERO S
I F  ( I N K Z E R O S / 2 * 0 ) * 2  .ECJ.  Z E R O S )  GO TO 6 0  
W R I T E ( T T Y * 5 0 >
F OR MA T( 1 X * ' YOU MUST U S E  AN EVEN NUMBE 
GO TO 3 0
C O N T I N U E
C O N T I N U E
W R I T E ( T T Y * 8 0 )
FORMAT( I X * ' W H A T  MAXIMUM NUMBER OF DATA BLOCKS DO YOU
R E A D ( T T Y * # ) NUMBKS
READ DATA WORD
R E A D ( 1 9 * E N D = 1 2 5 ) W O R D
GO TO 1 5 0
C O N T I N U E
DONE55 • TRUE ♦
GO TO 1 7 5  
C O N T I N U E
I F ( A B S ( W G R D )  . G T .  1 0 0 0 )  GO TO 3 0 0  
DATA WORD I S  BLOCK HE A DI NG  
W R I T E ( T T Y * 3 1 ) WORD
F O R M A T ( I X * ' T H E  BLOCK H E A D I N G  I S ' * 1 6 )  
i f ( w o r d . d t . N U M B K S ) 3 o - t o  8 0 0  
I F  (B L K C N T  . E Q .  0 ) G 0  TO 2 7 5  
W R I T E ( T T Y » 2 0 0 ) BLKCNT * WRDCNT
F O R M A T ( I X * ' D A T A  BLOCK # ' * 1 5 * '  C O N T A I N S  ' * 1 6 * '  W O R D S . '  
TOTWRD( T Y P E + 1 ) =T OTW RD ( T Y P E + 1 ) + WRDCNT 
I F ( T Y P E  . N E .  0  . O R .  ANSWER . N E .  Y E S )  GO TO 2 7 5  
DO 2 5 0  1 = 1 * Z ER OS
W R I T E ( 1 2 )  N I L  
C O N T I N U E  
TOTWRD( 1 ) =T OTW RD ( 1 >  + Z E R G S
C O N T I N U E  
B L K C N T = B L K C N T + 1  
T Y P E = M O D ( BLKCNT * 3 )
WRDCNT=0
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I F <D O N E ) G O  TO 7 2 5  
GO TO LOO 
3 0 0  C O N T I N U E
WR DC NT =W R DC NT f l  
I F ( T Y P E  . N E *  0 )  GO TO 4 0 0  
C DATA I S  ECHO SAMPLE
W R I T E ( 1 2 )  WORD 
GO TO 1 0 0  
4 0 0  C O N T I N U E
I F ( T Y P E  . N E .  1 )  GO TO 5 0 0  
C DATA I S  N O I S E  SAMPLE
W R I T E ( 1 0 )  WORD 
GO TO 1 0 0  
5 0 0  C O N T I N U E
I F ( T Y P E  . N E .  2 )  GO TO 6 0 0  
C DATA I S  T R A N S M I S S I O N  DATA
W R I T E ( 1 3 )  WORD 
GO TO 1 0 0  
6 0 0  C O N T I N U E
W R I T E ( T T Y > 7 0 0 )  TYPE
7 0 0  F O R M A T ( I X * ' E R R O R  MOD S U B R O U T I N E  F A I L U R E ® ' > 1 3 )
7 2 5  W R I T E ( T T Y * 7 5 0 ) ( TOTWRD( I )  * 1 = 1 * 3 )
7 5 0  FORM AT( / / / *  I X  * ' NUMBER OF WORDS I N  ECHO S A M P L E :  ' > 1 6 * /
+  1 X > ' N U M B E R  OF WORDS I N  N O I S E  S A M P L E :  ' * 1 6 * /
+ 1 X > ' N U M B E R  OF WORDS I N  T R A N S M I S S I O N  S A M P L E :  ' * 1 6 * / /
8 0 0  W R I T E ( T T Y  * 9 0 0 )
9 0 0  FORMAT( I X > ' E N D  OF P R O G R A M ' * / / / )




















































* TYPE R E A D T P . F O R
R E A D T P . F O R
DATA S T O R E D  ON T A P E  * 0 0 0 4 3 7  I S  P I E C E S  OF D I G I T A L I Z E D  
D A T A .  THE DATA I S  A B I N A R Y  F I L E  WR ITT EN  A S  AN I N T E G E R  
THE DATA ON THE T A P E  I S  S T O R ED  WITH THREE SA MP L E S  
PACKED TO A WORD.  THE S A M P L E S  ALT ER N AT E  DATA AND R EFE  
SO THAT ANY TWO WORDS FROM THE T A P E  C O N T A I N  THREE P I E C  
I N F O R M A T IO N  DATA AND THREE REF E RA NC E  S A M P L E S .  THE DAT  
STR U CT U RE D  I N  B L O C K S ,  EACH R E P R E S E N T I N G  A D I F F E R E N T  TY 
D A T A .  EACH BLOCK HAS AN I N T E G E R  BLOCK H E A D I N G .  BLOCK *  
N O I S E  DATAr  BLOCK # 2  I S  T R A N S M I S S I O N  DATA? BLOCK * 3  I S  
ECHO D A T A f  BLOCK * 4  I S  N O I S E  DATA FROM THE SECOND FRAM 
E T C .  SO I F  YOU WANT S E VE R AL  FRAMES OF ECHO D A T A f  YOU 
WANT B L O C K S :  3 f  6 t  9 ,  1 2 f  1 5 f  . . . . .
TO RUN T H I S  PROGRAMf THE FOLLOWING I S  D O N E :
.MOUNT M T A : 1 9 / R E E L I I i : 0 0 0 4 3 7 / R 0 N L Y  YOU MOUNT
R E Q U E S T  QUEUED  
W A I T I N G . . . 2  ~ C ' S  TO E X I T
" C  YOU E X I T  W
~ C
C O . 2 3  3 E X I T S  PROG
. M O U N T / C  CHECK YOUR
1 .  M J 0 B 1 0  T T Y 2 5  2 0 0 0 f 1 0 0 3 3  1 MOUNT MTA 1 9  / R E E L I D I O O O  
1 COMMAND I N  QUEUE T H I S  MEANS
NOT MOUNTE
♦M OU NT /C  TRY A G A IN
NO COMMANDS I N  QUEUE T A P E  I S  MO
. S Y S / B U S Y
B U S Y  d e v i c e s :
D E V I C E J O B WHY LOG IC A L
T T Y 4 5 1 9 A S
M T A 0 1 1 4 3 A S + I N I T
M T A 0 1 2 1 0 A S 1 9  <-
M T A 0 1 3 1 4 A S
* * *
F I N D  OUT W
T H A T ' S  YOU:  MTA01
. E X E C U T E  R E A D T P . F O R f  I R 0 T 3 . M A C  
. . . . .  ANSWER Q U E S T I O N S  . .
EXE C UT E  PR
♦ DI SM O UN T  M T A 0 1 2
CAT T H I S  P O I N T  THE DATA YOU R EQ UE ST ED  I S  I N  F I L E :  S I G .
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I N T E G E R  HEAD* OLDHD* WORD 
D I M E N S I O N  J P A C < 2 ) » I N G ( 6 )
DATA I Y E S / " Y E S ' /
C
0 P E N ( U N I T = 1 9 *  D E V I C E = ' M T A ' * M O D E = ' I M A G E ' * F I L E = ' P I N  
O P E N ( U N I T = l l » D E V I C E = ' D S K C ' * M O D E = ' I M A G E ' * F I L E = ' S I G  
0 P E N ( U N I T = 1 2 *  D E V I C E = ' D S K C ' *  M O D E = ' I M A G E ' *  F I L E = ' S I G
C
0 L D H D = 0  
REWIND 1 9
C
1 W R I T E ( 5 * 1 0 )
1 0  F 0 R M A T ( 1 X * ' F R O M  WHICH DATA BLOCK NUMBER DO YOU WANT
+ '  DATA ? ' » / * l X » ' N O I S E {  1 * 4 * 7 . . .  T RA NS J  2 , 5 * 8 . . .  ECHO
R E A D ( 5 * * ) H E A D
I F ( H E A D  . N E .  J P A C ( l ) )  GO TO 1 3  
W O R D = J P A C ( 1 )
GO TO 3 0  
1 3  C O N T I N U E
I F ( H E A D  . G T .  OLDHD )  GO TO 2 0  
REWIND 1 9
W R I T E ( 5 * 1 5 ) OL D H D * HEAD  
1 5  F O R M A T ( I X * ' N O W  P O S I T I O N E D  A FT E R  BLOCK # ' * 1 6 * / *
+  I X * ' R E W I N D I N G  TA PE  TO F I N D  BLOCK # ' * I 6 >
2 0  C O N T I N U E
OLDHD=HEAD
C
2 5  R E A D ( 1 9 *  E N D = 1 0 0 ) WORD
I F ( W O R D  . E Q .  H E A D )  GO TO 3 0  
GO TO 2 5  
3 0  W R I T E ( 5 , 4 0 )  WORD
4 0  F O R M A T ( I X * ' T H E  BLOCK HE A DI NG  I S ' * 1 6 )
I C N T = 0
J C N T = 0
4 5  R E A D ( 1 9  * E N D = 6 0 ) J P A C ( 1 )
I F ( A B S ( J P A C ( 1 ) ) . L T . 3 0 0 0 )  GO TO 6 0  
R E A D ( 1 9 ) J P A C ( 2 )
C
DO 5 0  1 0 = 1 * 2
1 1 = 1 0 * 3 - 2
CALL I R O T ( J P A C ( I 0 ) * I N G ( I 1 ) * I N G ( 1 1 + 1 ) * I N G ( 1 1 + 2 ) )  
5 0  C O N T I N U E
I C N T = I C N T + 3
I F ( I C N T . L E . 1 ) G 0  TO 4 5
J C N T = J C N T + 3
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I F < J C N T . G T .  1 0 2 4 X 3 0  TO 5 5  
W R I T E ( l l )  I N G ( l ) r  I N G ( 3 ) r  I N G ( 5 )  .
W R I T E ( 1 2 )  I N G < 2 ) > I N G ( 4 ) r  I N G ( 6 )
GO TO 4 5  
5 5  W R I T E < 1 1 ) I N G ( 1 )
WR.ITE< 1 2 )  I N G < 2 >
J C N T = J C N T ~ 2  
5 7  READ < 1 9 ) J P A C  < 1 >
I F < A B S < J P A C < 1 ) ) * L T . 3 0 0 0 ) GO TO 60  
GO TO 5 7
C
6 0  C O N T I N U E
W R I T E ( 5 » 7 0 )  J C N T  * HEAD  
7 0  FORMAT< I X » 'T H E R E  A R E ' , I 6 > "  S A M P L E S  I N  BLOCK * ' » I 6 >
7 5  W R I T E ( 5 > 8 0 )
8 0  FORMAT( I X » 'D O  YOU WANT ANOTHER BLOCK ?  ' , %)
R E A D ( 5  » 9 0 ) J Y E S  
9 0  FORM AT( A 3 )
I F  ( J Y E S  . E Q .  I Y E S )  GO TO 1
GO TO 1 1 0  
1 0 0  W R I T E ( 5 f 1 0 5 )  HEAD
1 0 5  FORMAT( I X > ' D A T A  BLOCK * ' , 1 6 , '  NOT F O U N D . " )
REWIND 1 9  
0 L D H D = 0  
GO TO 7 5  




♦ TYPE  
0 0 1 0 0
I R 0 T 3 . M A C
ENTRY TROT
0 0 2 0 0 .t r o t : MOVE 1 1 - 0 ( 1 6 )
0 0 2 5 0 MOVE I O f O
0 0 3 0 0 LSHC 0 f ~ D 1 2
0 0 3 0 2 LSH 0  » " D 2 4
0 0 3 0 4 ASH 0 > ~ D - 2 4
0 0 4 0 0 MOVEM O f @ 1 ( 1 6 )
0 0 4 5 0 MOVE I O f O
0 0 5 0 0 LSHC 0 f ~ D 1 2
0 0 5 0 2 L S H 0  f ~ D 2 4
0 0 5 0 4 ASH 0 f - " D 2 4
0 0 6 0 0 MOVEM O f @ 2 ( 1 6 )
0 0 7 0 0 MOVE I O f O
0 0 8 0 0 L SH C O f " D 1 2
0 0 8 0 2 LSH 0  f ” D 2 4
0 0 8 0 4 ASH 0 f - ~ D 2 4
0 0 9 0 0 MOVEM O f 0 3 < 1 6 )
0 1 0 0 0 P O P J 1 7 f
0 1 1 0 0 ENTRY ALT
0 1 2 0 0 a l t : MOVE O f 0 ( 1 6 )
0 1 3 0 0 AND O f C 7 7 7 7 0 3 f  f 7 7 7 7 7 7 3
0 1 4 0 0 MOVEM 0 f @ < 1 6 >
0 1 4 5 0 P O P J 1 7  f
0 1 4 7 5




PROGRAMS FOR DIGITAL DEMODULATION OF ECHOS AND PLOTTING ROUTINE
129
TYPE H I L B R T . F O R
C H I L B R T . F O R
C
C
C T H I S  PROGRAM T AK ES THE H I L B E R T  TRANSFORM OF DATA FRO
C D I S K .  THE DATA CAN BE E I T H E R  P A C K E D * I N  WHICH CA S E  I T
C ASSUMED THAT TWO TRACKS ARE INTERWOVEN AND PACKED THRE
C S A M PL E S  TO THE WORD* OR UNPACKED* I N  WHICH C A S E  I T  I S
C ASSUMED THAT THERE I S  ONLY ONE CHANNEL S T O R ED  ONE SAMP
C TO THE WORD.  THE DATA I S  ASSUMED TO BE S T O R ED  I N  FRAM
C AND THE H I L B E R T  TRANSFORM I S  TAKEN OF EACH FRAME I N D I V
C THE PROGRAM P R O C E S S E S  THE F I R S T  IN T E G R A L  POWER OF TW
C S A M P L E S  AND D I S C A R D S  THE R E S T  OF EACH F R A M E .  THE OUTP
C OF T H I S  PROGRAM I S  A D I S K  F I L E  < TWO D I S K  F I L E S  I N  THE
C OF PACKED DATA ) WHICH I S  READY TO BE P L O T T E D  BE THE P
C ' P L 0 T 3 . F 0 R ' .  THE MAXIMUM A M P L IT U D E  OF EACH CHANNEL I S








I N T E G E R  DATA
I N T E G E R  TTY * ANSWER * UNPACK * S I Z E ( 1 4 ) *  NUM * D I S C R D  * D A T A 2  
IN T E G E R  F R A M E S » H O L D 1 * H 0 L D 2 * H 0 L D 3 * I N D E V
C
REAL X R ( 8 1 9 2 ) * X I ( 8 1 9 2 ) * X R 2 < 8 1 9 2 ) * X I 2 ( 8 1 9 2 )
C
L O G IC A L  PACK
C
DOUBLE P R E C I S I O N  F I L E N M
C
C
DATA T T Y / 5 /
DATA U N P A C K / ' U N ' /
DATA S I Z E / 1 * 2 * 4 * 8 * 1 6 * 3 2 * 6 4 * 1 2 8 * 2 5 6 * 5 1 2 * 1 0 2 4 * 2 0 4 8 * 4 0 9 6 *  
P A C K = . F A L S E .
C
C
C I N P U T  IN F O R M A T IO N
C
C
W R I T E ( T T Y * 2 0 )
2 0  FORMAT( * 'WHAT I S  YOUR I N P U T  D E V I C E  ?  ' » * )
R E A D ( T T Y * 3 0 ) I N D E V  
3 0  F O R M A T ( A 5 )



























1 0 0 0
FORM AT( I X > ' WHAT I S  THE NAME OF YOUR I N P U T  F I L E  T ' >
R E A D ( T T Y > 7 5 ) F I L E N M
F O R M A T ( A 1 0 )
W R I T E ( T T Y > 1 0 0 )
F O R M A T ( 1 X > ' I S  THE DATA PACKED OR UNPACKED ?  ' > * )
READ ( TTY > 2 0 0 ) ANSWER  
F O R M A T ( A 2 )
I F ( A N S W E R  . E G .  UNPACK ) GO TO 3 0 0  
F A L S E - T H E  DATA I S  P A C K E D > S E T  FLAG  
P A C K ® ♦ T R U E .
C O N T I N U E
I F ( P A C K )  GO TO 4 0 0  
W R I T E ( T T Y > 3 5 0 )
FORM AT( I X > 'HOW MANY SA M P L E S  ARE I N  EACH FRAME ?  ' > * )
R E A D ( T T Y > # ) N U M
GO TO 5 0 0
C O N T I N U E
W R I T E ( T T Y > 4 2 5 )
F OR MA T( I X > 'HOW MANY S A M P L E S  P E R  CHANNEL ARE I N  EACH F  
R E A D ( TTY > #  > NUM
I F ( ( N U M / 3 ) * 3  . E G .  NUM) GO TO 4 7 5  
W R I T E ( TTY > 4 5 0 ) NUM
F 0 R M A T ( 1 X > ' N U M B E R  OF PACKED S A M P L E S  MUST BE A 
' M U L T P L E  OF T H R E E .  ' > I 4 > '  I S  N O T . ' )
GO TO 4 0 0
C O N T I N U E
C O N T I N U E
1=0
C O N T I N U E  
I F ( S I Z E ( I ) . E G . N U M )  GO TO 7 0 0
I F ( S I Z E ( I + 1 ) » G T . N U M ) GO TO 7 0 0  
1=1 + 1 
GO TO 6 0 0
C O N T I N U E
D I S C R D = N U M ~ S I Z E ( I )
I F ( D I S C R D  . E G .  0 )  GO TO 9 0 0
W R I T E ( T T Y  > 8 0 0 ) S I Z E ( I ) >NUM> D I S C R D  
FOR MAT ( 1 X > ' WE WILL ONLY A N A L Y S E ' > 1 6 > '  OF T H E '  
'  S A M P L E S  A V A I L A B L E . ' > / > '  THE O T H E R ' > 1 6 > '  SAM 
'  WILL BE D I S C A R D E D . ' )
N U M = S I Z E ( I )
C O N T I N U E
W R I T E ( T T Y > 1 0 0 0 )
FORMAT( I X > 'HOW MANY FRAMES DO YOU WANT TRANSFORMED ?








O P E N ( U N I T = 1 0 » D E V I C E = 7 D S K C 7 >M O D E =7 I M A G E 7 » F I L E = 7 P H A S E , DA 
O P E N ( U N I T = 1 4  > D E V I C E = 7 D S K C 7 > M O D E =7 IM A G E 7 »F I L . E = 7 F F T .  D A T 7 
O P E N ( U N I T = l l i > D E V I C E = I N D E V » M 0 D E = 7 IM A G E 7 * F I L E = F I L E N M )  
0 P E N ( U N I T = 1 2 >  D E V I C E = 7 D S K C 7 r MODE88 7 I M A G E 7 » F I L E = 7 GRAPH * DA 
I F  ( . N O T ,  P A C K )  GO TO 1 1 0 0
OPEN < UN I  T = 1 3  r DE V I  C E = 7 D S K C 7 » MODE88 7 1 MAGE7 > F  I L E = 7 GRA 
O P E N ( U N I T = 1 5 » D E V I C E 88 7 D S K C 7 rMODE88 7 I M A G E 7 r F I L E - 7F F T  









A M A X = 0 .
I F ( P A C K )  GO TO 2 0 0 0  
DO 1 9 0 0  J = l , F R A M E S
DO 1 2 0 0  1 = 1  s. NUM
R E A D ( 1 1 ) D A T A
X R ( I ) = F L O A T ( D A T A )
X I ( I ) = 0 ,
1 2 0 0  C O N T I N U E
I F ( D I S C R D , E 0 , 0 )  GO TO 1 3 0 0  
DO 1 3 0 0  1 = 1  r D I S C R D
R E A D ( 1 1 ) DATA  
1 3 0 0  C O N T I N U E
CALL C O O L E R ( X R ( l ) » X I ( l ) j N U M > 1 )
T E M P = 0 ,
W R I T E ( 1 4 ) TEMP  
DO 1 3 3 3  I = 2 » NUM
T E M P = ( X R ( I ) * # 2 + X I ( I ) * * 2 ) / 1 0 0 0 0 ,
1 3 3 3  W R I T E ( 1 4 ) TEMP
DO 1 3 7 0  1 = 1 , 1 7 9  
X R ( 1 >  = 0 ♦
X I ( 1 ) = 0 .
1 3 7 0  C O N TI NU E
DO 1 4 0 0  1 = 1 8 0 , N U M / 2 - 2 1 2  
X R ( I ) = 2 # X R ( I )
X I ( I ) = 2 # X I ( I )
1 4 0 0  C ON TI N U E









1 5 1 0
1 5 2 0
. 1 5 5 0
1 6 0 0
1 7 0 0
1 8 0 0
1 9 0 0
2000
21 0 0
X K < 1 ) = 0 .
X I ( I ) = 0 .
C O N T I N U E
CALL C O O L E R ( X R ( 1 )* X I ( 1 ) , NUM, ~ 1 )
P I = 3 . 1 4 1 5 9 2 6
DO 1 5 5 0  1 = 1 > NUM
I F ( X R ( I ) ♦ EG * 0 ♦ ) G 0  TO 1 5 1 0
P H A S E = A T A N ( X I ( I ) / X R  < I ) >  * 1 8 0 • / P I
GO TO 1 5 5 0
I F ( X I ( I ) ♦ G E . O , ) G 0  TO 1 5 2 0  
P H A S E = - 9 0 .
GO TO 1 5 5 0  
P H A S E = + 9 0 .
W R I T E ( 1 0 ) P H A S E
DO 1 7 0 0  1 = 1 » NUM
XR < I ) = S G R T ( X R ( I ) * * 2 + X I < I ) # * 2  > 
I F ( X R < I ) *LT »A M A X )G 0  TO 1 6 0 0  
A M A X = X R ( I )
C O N T I N U E
W R I T E < 1 2 ) X R ( I )
C O N T I N U E  
W R I T E ( T T Y > 1 8 0 0 ) J
FORMAT( I X » "COMPLETED FRAME * " , I 4 )  
C O N T I N U E  
GO TO 3 0 0 0
PACKED DATA
C O N T I N U E  
A M A X 2 = 0 ♦
D I S C R D = ( 2 # ( D I S C R D + N U M ) / 3 ) - ( ( 2 * I N T ( N U M / 3 . 0 ) ) + 2 )
DO 2 9 0 0  J = l > F R A M E S
DO 2 1 0 0  1 = 1  * < I N T ( N U M / 3 * 0 ) )
R E A D ( 1 1 ) D A T A » D A T A 2
CALL I R O T ( D A T A , H 0 L D 1 » H 0 L D 2 * H 0 L D 3 )
XR ( 3 * 1 - 2 )  =FL.OAT ( H 0 L D 1 )
X R 2  ( 3 *  I  - 2  )  =FL. OAT ( H 0 L D 2  )
X R ( 3 * I - 1 ) = F L O A T ( H 0 L D 3 )
CALL I R O T ( D A T A 2 > H 0 L D 1 f  H 0 L D 2  > H 0 L D 3 ) 
X R 2 ( 3 * 1 - 1 ) = F L O A T ( H 0 L D 1 >
X R ( 3 * 1 ) = F L O A T ( H 0 L D 2 )
X R 2 ( 3 * 1 >  = F L O A T ( H 0 L D 3 )
C O N T I N U E  
R E A D ( 1 1 ) D A T A r D A T A 2  
CALL I R O T ( DATA fHOLD 1 > H 0 L D 2 » H 0 L . D 3 )
XR ( 3 * . I  NT ( N I J M / 3 . 0 )  + 1 )  = F L O A T  ( H O L D!  )
X R 2 ( 3 * I N T ( N U M / 3 ♦ 0 ) + 1 ) = F L O A T ( H 0 L D 2 )
I F  (MODI  NUM* 3 )  , L . T .  2 )  GO TO 2 2 0 0
134
2200
2 3 0 0
2 3 5 0
2 3 3 3
2 3 7 0
2 4 0 0
2 5 0 0
2 6 0 0
2 7 0 0
X R ( NUM) “ F L O A T <H 0 L D 3 )
CALL IR O T  ( D A T A 2  > H O L M  » H 0 L D 2 » H 0 L D 3  ) 
X R 2  < NUM) “ F LO AT ( H O L M  )
C O N T I N U E
DO 2 3 0 0  I “ l r D I S C R D
R E A O d D H A T A
C O N T I N U E
DO 2 3 5 0  1 = 1 f NUM 
X I ( I ) = 0 *
X . I 2 < I ) = 0 ,
C O N T I N U E
CALL C O O L E R < X R < 1 ) » X I < 1 ) » N U M » 1 )
CALL C O O L E R ( X R 2 ( 1 ) » X I 2 < 1 ) » N U M » 1 )
T E M P = 0 «
WR.TTE< 1 4 )  TEMP  
W R I T E < 1 5 ) TEMP  
0 0  2 3 3 3  I = 2 * NUM
TEMP= < XR d  ) * * 2 + X I d )  * * 2 )  / 1 0 0 0 0 .
T E M P 2 = ( X R 2 < I ) * * 2 + X I 2 ( I > * * 2 ) / 1 0 0 0 0 .
W R I T E ( 1 5 ) T E M P 2  
W R I T E < 1 4 ) TEMP  
HO 2 3 7 0  1 * 1 » 2 5  
X I ( I ) = 0 .
XR d ) = 0 »
X I 2 < I ) = 0 *
X R 2 ( I ) = 0 ♦
C O N T I N U E
0 0  2 4 0 0  1 = 2 6 * N U M / 2 - 2 5
X I < I ) = 2 # X I < I )
X R < I ) = 2 # X R < I )
X I 2 < I ) = 2 * X I 2 d )
X R 2  < I ) = 2 # X R 2  < I )
C O N T I N U E  
HO 2 5 0 0  I = N U M / 2 ~ 2 4 » N U M  
X K I ) = 0  
XR < I ) = 0  
X I 2 < I ) = 0  
X R 2 ( I  ) = 0  
C O N T I N U E  
CALL COOLER <X R < 1 >  r X I < 1 >  » NUM' - 1 )
CALL COOLER < X R 2  < 1 )  > X 1 2  < 1 )  > NUM» -  .1.)
HO 2 8 0 0  1 = 1 , NUM
XR < I ) “ SOR T < XR < I ) * * 2 + X I d )  # * 2  )
X R 2 < I > = S Q R T  < X R 2 < I ) * # 2 + X 1 2  d ) * * 2 )  
I F < X R < I ) . L T . A M A X ) G O  TO 2 6 0 0  
A M A X = X R < I )
C O N T I N U E  
I F <X R 2 d ) ♦ L T ♦ A M A X 2 ) GO TO 2 7 0 0  
A M A X 2 = X R 2 < I )
C O N T I N U E





2 8 0 0
2 9 0 0
3 0 0 0
3 1 0 0
+
+
3 2 0 0
3 3 0 0
3 4 0 0
+
3 5 0 0
W R I T E ( 1 3  > X R 2 ( I >
C O N T I N U E  
WRITE < TTY * 1 8 0 0  > J  
C O N T I N U E
C O N T I N U E
W R I T E ( T T Y * 3 1 0 0 ) F R A M E S * NUM
FORMAT( I X * ' IN F O R M A T IO N  FOR P L O T T I N G  P R O G R A M : ' * / *
5 X * ' N U M B E R  OF F R A M E S :  ' * 1 5 * / *
5 X * ' N U M B E R  OF S A M P L E S  P E R  F RAM E:  ' * 1 5 )
I F ( P A C K )  GO TO 3 3 0 0  
W R I T E ( T T Y * 3 2 0 0 )AMAX
F O R M A T ( 5 X * 'M A X I M U M  A M P L I T U D E :  ' * F 1 0 » 3 )
GO TO 3 5 0 0
C O N T I N U E
W R I T E ( TTY * 3 4 0 0 ) AMAX * AMAX2
F O R M A T ( 5 X * ' M A X I M U M  A M P L I T U D E  FOR F I R S T  CH A NN EL :  ' * F 1  
5 X * ' M A X I M U M  A M P L I T U D E  FOR SECOND C H A N N EL :  ' F . 1 0 . 3 )  
C O N T I N U E
S T O P
END
! R I F E  WINDOW I N  T IM E  (D A T A  WINDOW)  
S U B R O U T I N E  R I F W I N ( S E R I E S * L . T I M E )
D I M E N S I O N  S E R I E S ( 1 )
DATA D I * D 2 / - 1 ♦ 1 9 6 8 5 * 0 * 1 9 6 8 5 /
X= LT.IM£
T P 1 = 2  * 0 * 3 » 1 4 1 5 9 2 6 5 / X  
F P I = 2 . 0 * T P I  
DO 1 J = 1 * L T I M E  
X = J - l




















♦ TYP E P L 0 T 3 . F 0 R
T H I S  PROGRAM P L O T S  A THREE D I M E N T I G N A L  CURVE  
S P E C I F I E D  BY A F U N C T I O N  OF Z WITH R E S P E C T  TO X AND Y 
THE F U N C T I O N  I S  NAMED "FUN CT*
PROGRAM I N I T I A L I Z A T I O N  
COMMON N , P EN  
I N T E G E R  TTY
I N T E G E R  B L A C K , BLU E ,  RED ,  PENNOW 
I N T E G E R  T I T L E < 7 ) , A NS W E R ,B L A N K S  Y E S  
REAL I N C X I N r I N C Z I N , I N C X , I N C Z  
I N T E G E R  P E N ( 3 )
REAL DELT AX  ,  DEL.TAY ,  DEL.TAZ  
REAL B E G , E N , A X I S D  
REAL B E G I N  ,  E N D , A X I S D E  
REAL P O I N T ( 3 )
DOUBLE P R E C I S I O N  I L A B  
DOUBLE P R E C I S I O N  I  NAME , 1 ' LABEL
L O G IC A L  L I Q U I D , P O L A R  
DATA T T Y / 5 /
DATA B L A C K , B L U E , R E D / 1 , 2 , 3 /
DATA Y E S / ' Y V
DATA B L A N K / '  ' /
A X L E N = 6 . 0  
FACTR=*1« 0  
I N D = ' I '
DATA P E N / 3 , 3 , 3 /
N = 1
P O L A R = . F A L S E .
L I Q U I D = . F A L S E .
W R I T E ( T T Y , 1 )
F 0 R M A T ( 1 X , ' D O  YOU WANT A L I Q U I D  P L O T ? ' , * )  
R E A D ( T T Y , 2 ) ANSWER  
F O R M A T ( A l )
I F ( A N S W E R , N E . Y E S ) G O  TO 3  
L I Q U I D ^ . T R U E .
W R I T E ( T T Y , 4 )
F O R M A T d X , ' D O  YOU WANT A MAGNITUDE P L O T ? ' , * )  
R E A D ( T T Y , 5 ) ANSWER  
5  F O R M A T ( A l )
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I F  ( AN SW E R ♦E Q ♦ Y E S ) GO TO 6  
P O L A R = . T R U E .
C
C
C I N I T I A L I Z E  THE P L O T T E R
C
6 CALL P L O T S < I N D » 2 0 . 0 » 1 1 . 0 )
CALL F A C T O R ( F A C T R )




C I N P U T  IN F O R M A T IO N
C
I F  ( L I Q U I D )  GO TO 2 0  
W R I T E < T T Y , 1 0 )
1 0  F 0 R M A T ( ' 1 ' » ' P R O G R A M  S E T  UP FOR MULTICOLORED P EN
GO TO 4 0  
2 0  C O N T I N U E
W R I T E < T T Y  » 3 0 )
3 0  FORM AT( ' 1 '  * 'PROGRAM S E T  UP FOR L I Q U I D  IN K  ( A L L
4 0  C O N T I N U E
W R I T E ( T T Y , 5 0 >
5 0  FORMAT( I X * ' WHAT I S  THE NAME OF YOUR I N P U T  F I L E  ? ' )
R E A D ( T T Y f 7 5 ) INAME  
7 5  F O R M A T ( A 1 0 )
O P E N ( U N I T = 1 9 , D E V I C E = ' U S K C ' »  M O D E =' I M A G E ' » F I L E = I N A M E ) 
REWIND 1 9
C
W R I T E ( T T Y » 1 0 0 )
1 0 0  FORMAT( '  ' » ' HOW MANY FRAMES ARE TO BE P L O T T E D  ? ' )
R E A D ( T T Y » # ) XMAX 
X M I N = 1 . 0
C
W R I T E ( TTY y2 0 0 )
2 0 0  FORMAT( I X » 'HOW MANY S A M P L E S  P ER FRAME ARE THERE ? ' )
R E A D ( T T Y » # ) ZMAX 
Z M I N = 1
C
Y M I N = 0 * 0  
W R I T E ( T T Y  » 2 1 0 )
2 1 0  FORMAT( 1 X » ' D O  YOU KNOW THE MAXIMUM A M P L IT U D E  ? ' )
R E A D ( T T Y , 2 2 0 ) ANSWER  
2 2 0  F O R M A T ( A l )
I F  (A NSWER . E Q .  Y E S )  GO TO 2 8 0
C F A L S E - R E A D  THROUGH DATA TO F I N D  MAXIMUM
Y M A X = 0 . 0  
2 3 0  C O N T I N U E
R E A D ( 1 9 1E N D = 2 6 0 ) AWORD 
I F ( Y M A X  . G T .  AWORD) GO TO 2 4 0  
YMAX=AWORD
133
2 4 0  C O N T I N U E
GO TO 2 3 0  
2 6 0  REWIND 1 9
W R I T E ( T T Y . 2 7 0 )YMAX  
2 7 0  F O R M A T ( I X . ' M A X I M U M  A M P L I T U D E 55'  . F 1 2 . 3 )
GO TO 3 0 0
C T R U E - I N P U T  MAXIMUM A M P L IT U D E
2 8 0  C O N T I N U E
W R I T E ( T T Y . 2 9 0 )
2 9 0  F OR MA T( I X . 'WHAT I S  THE MAXIMUM A M P L IT U D E  ? ' )
R E A D <TTY . # ) YMAX






W R I T E ( T T Y . 6 0 0 )
6 0 0  FORMAT< '  ' , / / / . '  ' . ' D O  YOU WANT A T I T L E  ? ' )
READ ( T T Y . 7 0 0 ) ANSWER  
7 0 0  F O R M A T ( A l )
I F ( A N S W E R  *N E ♦ Y E S ) G O  TO 9 3 0  
C F A L S E - I N P U T  AND P LO T  THE T I T L E
W R I T E ( T T Y . 8 0 0 )
FORMAT( '  ' . ' TY PE  I N  THE T I T L E . ' » 5 X » ' U P  TO 2 5  CHAR  
/ . '  ' » ' 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 ' )
R E A D ( T T Y . 9 0 0 ) ( T I T L E ( I ) . 1 = 1 . 7 )
F O R M A T ( 7 A 5 )
F I N D  THE NUMBER OF CHARACTORS  
NUM=0
C O N T I N U E
I F ( T I T L E ( N U M / 5 )  . E Q .  B LA N K)  GO TO 9 2 0  
NUM=NUM+5  
GO TO 9 1 0  
C O N T I N U E
CALL SY MB O L ( - 3 . 0 . 6 . 5 . 0 . 4 . T I T L E . 0 . 0 . NUM)
9 3 0  C O N T I N U E  
W R I T E ( T T Y . 9 2 1 )
9 2 1  F 0 R M A T ( 1 X . ' W H A T  LA B E L  DO YOU WANT C O R R E S P .  TO FRAME I ?
R E A D ( T T Y . 9 2 2 ) I L A B
9 2 2  F O R M A T ( A 1 0 )
W R I T E ( T T Y . 9 2 3 ) I L A B
9 2 3  F O R M A T ( I X . ' W H A T  ARE THE B E G .  AND END V A L U E S  OF ' . A 1 0 )
R E A D ( T T Y . * ) B E G . E N
C
W R I T E ( T T Y . 9 3 1 )
9 3 1  F O R M A T ( I X . ' W H A T  LAB EL  DO YOU WANT C O R R E S P O N D IN G  TO SAM 
R E A D ( T T Y . 9 3 2 ) I L A B E L
9 3 2  FORMAT( A 1 0 )
W R I T E ( T T Y . 9 3 3 ) I L A B E L









































1 0 0 0
KEAD< 1 I Y BEGIN,END 
WRITE < TTY ,  9 4 0 )
FORMAT<'  ' , / / / / , '  ' , " DOI NG  C A L C U L A T I O N S  P L E A S E
CALCUL ATE  S E V E R A L  V A L UE S THAT W E 'L L  NEED
I N C Z I N = A X L E N / ( Z M A X - 1 )
I N C X I N = A X L E N / ( X M A X - l )
I N C Z = ( Z M A X - Z M I N ) / < A X L E N / I N C Z I N )
I N C X = ( X M A X - X M I N ) / ( A X L E N / I N C X I N )
D E L T A X = ( X M A X - X M I N ) / A X L E N  
D E L T A Y =  ( Y M A X - Y M I N ) / A X L . E N  
D E L T A Z = ( Z M A X - Z M I N > / A X L E N  
A X I S D E = * ( E N D - B E G I N )  /AXL.EN  
A X I S D =  < E N - B E G ) /AXL.EN
DRAW A X I S
CALL N E W P E N t B L A C K )
X—A X I S
CALL S E T S I Z < 0 . 1 4 , . 1 0 5 , . 1 0 5 , . 7 0 7 1 )
CALL A X I S ( 0 . 0 , 0 . 0 ,  I L A B , . 1 0 ,  A X L E N , 2 2 5 » 0 ,  BEGr  A X I S D )
CALL S E T S I Z ( 0 . 1 4 , . 1 0 5 , . 1 0 5 , 1 . 0 )
Y - A X I S
CALL A X I S ( 0 . 0 , 0 . 0 , 9 H A M P L I T U B E , 9 , A X L E N , 0 . 0 , Y M I N , D E L T A Y  
Z - A X I S
CALL A X I S < 0 . 0 , 6 . 0 ,  I L A B E L , - 1 0 ,  A X L E N , - 9 0 . 0 ,  E<EGIN» AX I S D E
DRAW THE THREE D I M E N T I O N A L  CURVE
PENNOW=BLACK
X =X MI N
L O O P - I N C R E M E N T  X FROM LOWER TO U P P E R  L I M I T  
I S A V = 1
C O N T I N U E  
I F < I S A V . N E , 1 ) G 0  TO 1 1 0 5
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CALL R E A I K P O I N T ( 1 ) » P O I N T ( 2 ) > P O I N T < 3 )  r P O L A R )
C
C MOVE P E N  BACK TO B E G I N N I N G  OF PLO T
1 1 0 5  I F ( L I O U I D )  GO TO 1 0 5 0
P E N N 0 W = P E N N 0 W + 1
IF < P E N N O W  . L E .  R E D )  GO TO 1 0 3 0  
PENNQW=BLACK  
C O N T I N U E
CALL N EW P E N( PE N NO W )
C O N T I N U E
Y Z E R O = < < Z M A X - Z M I N ) / D E L T A Z ) - ( <X - X M I N ) / < 2 # D E L T A X ) ) 
X Z E R O = ( <  P O I N T  < I S A V ) - Y M I N ) / D E L T A Y ) - < ( X - X M I N ) / ( 2 * D E L T A X ) 
CALL P L 0 T ( X Z E R 0 r Y Z E R 0 > 3 )
C
Z = 0 .
C L O O P - I N C R E M E N T  Z FROM LOWER TO U P P E R  L I M I T
1 1 0 0  C O N T I N U E
DO 1 1 1 0  I = I S A V , 3
X P L T * < <P O I N T < I >- Y M I N ) / D E L T A Y ) - < ( X - X M I N ) / (  
Y P L T = ( ( Z M A X - Z ) / D E L T A Z ) -  < < X - X M I N ) / ( 2 * D E L  
CALL P L O T ( X P L T » Y P L T » P E N < I ) )
Z = Z + I N C Z  
I F ( Z . E Q * Z M A X ) G O  TO 1 2 0 0  
1 1 1 0  C O N T I N U E
CALL R E A D <P O I N T ( 1 > » P O I N T < 2 ) » P O I N T < 3 ) » P O L A R )
I S A V = 1
C E X I T - I F  MAXIMUM I S  REACHED
GO TO 1 1 0 0  
1 2 0 0  C O N T I N U E
I S A V = I + 1
I F < I S A V » G T  « 3 ) I S A V = 1
W R I T E ( T T Y  ?1 2 5 0 ) X  
1 2 5 0  FORMAT< 1 X » ' COMPLETED FRAME # ' » F 4 . 0 )
X = X + I N C X
C E X I T  I F  MAXIMUM I S  REACHED
I F ( X * G T ♦ XMAX) GO TO 1 3 0 0  
GO TO 1 0 0 0  





S T O P
END
1*/ ^  ^  ^ p *  *  ^  ^  ^  ®  ^  ^  ^ P ^ p ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^ p ^ p ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^ p ^  ^  ^  ^  ^  ^  ^  ^  ^ p ^ p ^  ^
C # * # # # # # # * * * # # * #  F U N C T I O N  TO BE GRAPHED * * * * * * * * * * * * * * *
P  U l ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  aU  ^  ^  ^  ^  ^  ^ a
W  ^ P  ^ P  *  ^  ^  ^  ^  ^  ^ p  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^ p  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  ^  / p  ^  ^  ^  ^  ^  ^
c  
c
S U B R O U T I N E  R E A D <P 0 I N T 1 r P 0 I N T 2 » P 0 I N T 3 , P O L A R )
C
1 0 3 0
1 0 5 0
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c
COMMON N t PEN
C
I N T E G E R  U P » DOWN * P E N ( 3 )
L O G IC A L  P A C K E D , POLAR
C
DATA U P r D O W N / 3 * 2 /
C
P A C K E D * ♦F A L S E .
C
P E N < 1 ) =DQWN 
P E N < 2 ) = D 0 W N  
P E N ( 3 ) =DOWN
C





5 0  C O N T I N U E  ! DATA I S  UNPACKED
R E A D < 1 9 > E N D = 4 0 0 ) P 0 I N T l r P 0 I N T 2 > P 0 I N T 3  
I F ( N  . L T .  0 )  GO TO 4 0 0  
9 0  C O N T I N U E
C
I F ( P O L A R )G O  TO 3 0 0  
I F  ( P 0 I N T 1  . G E .  0 )  GO TO 1 0 0  
P E N  < 1 ) = U P  
P O I N T 1 = 0  
1 0 0  C O N T I N U E
I F  <P 0 I N T 2  . G E .  0 )  GO TO 2 0 0  
P E N ( 2 ) = U P  
P 0 I N T 2 = 0  
2 0 0  C O N T I N U E
I F  ( P 0 I N T 3  . G E .  0 )  GO TO 3 0 0  
P E N ( 3 ) = U P  
P 0 I N T 3 = 0  
3 0 0  C O N T I N U E
C
GO TO 5 0 0  
4 0 0  C O N T I N U E
C I F  END OF F I L E *  F I L L  WITH ZEROS
P O I N T 1 = 0  
P 0 I N T 2 = 0  
P 0 I N T 3 = 0  
P E N ( 1 ) = U P  
P E N ( 2 ) = U P  
P E N ( 3 ) = U P
I F  ( N  . L T .  0 )  GO TO 4 7 5
C
W R I T E < 5 » 4 5 0 >
4 5 0  FORMAT < 1X »  '  - A L L  DATA COMPLETE--------------' )
C O N T I N U E
N = - l




PROGRAMS FOR SIMULATING ECHOS FROM LAYERED SUBBOTTOM MEDIA
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T Y P E  R I C A T 2 . F 0 R
COMPLEX ONE . TRCOEF
COMPLEX K . S U M . T E R M . K l . H T O T . H
D I M E N S I O N  K< 12 .1  . 1 6 0 )  .GAM< 1 2 1 )  . H T O T C 1 6 0 )
DATA C 1 . C 2 / 1 0 0 0 . > 7 0 0 0 . /
DATA M > N > D F / 1 6 0 . 1 2 1 > 5 0 . /
DATA T >S C A L E / . 0 0 3 > 1 0 0 0 0 0 . /
ONE=CMPl. .X (  1 ♦ > 0 .  )
D T = T / ( N ~ 1  >
P I - 3  * 1 4 1 5 9 2 6
CALL G A M M A ( G A M . N . D T > C 1 » C 2 >
CALL C 0 S T P 2 ( G A M . N . C 1 . C 2 )
W R I T E < 5 . * ) G A M  
DO 5  1 = 1 >N 
DO 6  J = 1  >M 
6  K ( I » J ) = C M P L X ( 0 .  .  0  ♦ )
5  C O N T I N U E
1 0  E S S = 0 .
F = 7 9 5 0 .
DO 6 0 0  J = 1 . M  
F = F + D F
S U M = C M P L X < 0 .  > 0 .  >
DO 5 0 0  I = N > 1 > - 1  
T A U = < I ~ 1 ) * D T  
I F ( I . E Q . 1 >G 0  TO 1 5  
T R C O E F = O N E - K ( 1 - 1 > J ) * * 2  
GO TO 3 0  
1 5  T R C O E F = C M P L X < 1 . . 1 . )
3 0  TERM=GAM( I ) # C E X P ( C M P L X < 0 ♦ » - 2 * P I # F # T A U > > # D T * T R C Q E F
K1 =K( I »J )
K ( I » J ) = C E X P (  CMF'LX< 0 »  y 2 # P I # F # T A U ) ) *  ( SU M+ TER M)
I F  < I ♦ N E . 1 ) GO TO 5 0 0  
I F < K ( I > J > . E Q . O . ) GO TO 5 0 0  
E S S = E S S + C A B S < K 1 - - K < I  >J ) ) * * 2 / C A B S ( K ( I >J ) ) * * 2  
5 0 0  SUM=SUM+TERM
6 0 0  C O N T I N U E
W R I T E ( 5 * # ) E S S  
I F < E S S . G T . . 0 1 )  GO TO 1 0
OPEN < U N I T = . l l  > D E V I C E = ' D S K C ' > M O D E = ' I M A G E ' . F I L E = '  S P E C . D 
H=CMPLX < 0 ♦ . 0 .  )
DO 1 1 = 1 . 1 6 0  
W R I T E < 1 1 ) H  
1 C O N T I N U E
1=1
DO 3  J = 1 . M  
3  HTOT <J ) = S C A L E # K < I . J )
LEN=M
DO 7 0 0  1 = 1 .M 
7 0 0  WRITE < 1 1 ) H T O T < I )






w k j . i  n  ; h  
C O N TI NU E  
S T O P  
END
S U B R O U T I N E  GAMMA< GAM>N y D T >C l >C 2 ) 
D I M E N S I O N  G A M ( l )
DO 1 1 = 1 > 8 0  
G A M ( I ) = C 1  
DO 2  1 = 8 1 >N 
G A M < I ) = C 2  
RETURN  
END
S U B R O U T I N E  C O S T A P ( H T O T > L E N )  
COMPLEX HTOT  
D I M E N S I O N  H T O T ( 1 )
I L E N = L E N / 2
H T O T ( 1 ) = C M P L X < 0  ♦ y 0  ♦ )
HTOT <  L E N ) = C M P L X ( 0  * y  0  * )
F A C = 3 . 1 4 1 5 9 2 6 / F L O A T <I L E N )
DO 4 0 0  J = 2 > I L E N  
U F A C = C O S ( F A C # F L O A T < J ~ 1 ) )
WF AC= (  1 ♦ - W F A C ) # » 5  
H T O T ( J ) = W F A C * H T O T ( J )
J J = L E N - J + 1
H T O T ( J J ) =WFAC*HTOT < J J )
RETURN
END
S U B R O U T I N E  C 0 S T P 1 ( G A M > N > C i  > C 2 )  
D I M E N S I O N  GAM<1 )
I N = N / 1 0  
G A M ( 1 ) = 0 »
GAM<N)=0 t
F A C = 3 ♦ 1 4 1 5 9 2 6 / F L O A T  < I N )
DO 4 0 0  J = 2 » I N
WFAC=COS < FAOftFLOAT ( J - l  > )
WFAC= < 1 ♦ - W F A C ) # ♦ 5  
G A M ( J ) = W F A C * G A M ( J )
I I = N ~ J + 1
G A M ( I I ) = W F A C * G A M ( I I )
RETURN
END
S U B R O U T I N E  C 0 S T P 2 < GAM > N > C 1>  C 2 ) 
D I M E N S I O N  G A M ( l )
I N = N / 1 0  
G A M ( 1 ) = 0 »
G A M ( N ) = 0 .
G A M ( 8 1 ) = C 1
F A C = 3 . 1 4 1 5 9 2 6 / F L O A T ( I N )
DO 4 0 0  J = 2  y I N
W F A C = C O S ( F A C * F L O A T  < J - l ) )
U F A C = < 1 . - W F A C > # . ' 5
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G AM (J)=W FAC *G AM (J) 
I I = N - J + 1
G A M ( I I ) = W F A C * G A M ( I I )  
J J = 8 0 + J




TYP E P O L Y 3 . F O R
COMPLEX Z , N U M , D E N , H T O T , H , R 3  
D I M E N S I O N  H T O T ( 1 6 0 )
DATA C O , C l , C 2 / . 0 3 , - * 1 , . 1 /
DATA T , S C A L E / . 0 0 3 , 5 0 0 0 . /
DATA D F , M » N / 5 0 . , 1 6 0 , 3 /
D T = T / N
P I = 3 . 1 4 1 5 9 2 6  
F = 7 9 5 0 ♦
OPEN < U N I T = 1 1 , D E V I C E ® ' D S K C ' , M O D E = ' I M A G E ' , F I L E - ' I N P U T ♦ 
A M A X = 0 .
5  READ < 1 1 , E N D = 7 ) H
A M P = C A B S ( H )
I F ( A M P . L T * A M A X ) G O  TO 5  
AMAX=AMP  
GO TO 5  
7  REWIND 1 1
DO 1 1  1 = 1 , 1 6 0
1 1  R E A D ( 1 1 ) H
DO 6 0 0  J = 1 , M  
F = F + D F
Z = C E X P ( C M P L X ( 0 * , - 2 * P I * F * D T ) )
R E A D < 1 1 >R 3
I F ( C A B S ( R 3 ) ♦ E R « 0 ) G 0  TO 1 2  
R 3 = . 7 5 * R 3 / A M A X
1 2  C O N T I N U E  
N U M = C 0 + C . 1 . * Z + C 2 * Z * * 2 + R 3 # Z # * 3
DEN=CMPLX < 1 ♦ ,  0  ♦ ) +  < CO#C  1 + C 1  * C 2 f  C 2 * R 3 ) * Z +  ( C 1 * R 3 + C 0 * C 2 ) 
+  + C 0 * R 3 * Z * * 3
H T O T ( J ) = N U M / D E N  
CH EC K =C A BS  < H T O T ( J ) )
I F <C H E C K » L T * 1 ) G 0  TO 6 0 0  
W R I T E ( 5 , 1 0 )
1 0  F O R M A T ( I X , ' R E F L .  C O E F .  MAG» E X C E E D S  1 ! ' )
6 0 0  C O N T I N U E
OPEN < U N I T = 1 2 , D EVIC E® ' DSKC ' , MODE®' IMAGE ' , F I L E = 'S P E C . D 
H=CMPLX< 0 ♦»0  ♦)
DO 1 1 = 1 , 1 6 0
1 W R I T E < 1 2 )H  
DO 3  1 = 1 , M
3  H T O T ( I > = S C A L E # H T O T  < I )
LEN=M
CALL C O S T A P ( H T O T , L E N )
DO 7 0 0  1 = 1 , M 
7 0 0  W R I T E ( 1 2 ) H T 0 T ( I )
DO 2  1 = 1 , 7 0 4
2  W R I T E ( 1 2 ) H  
S T O P
END
S U B R O U T I N E  C O S T A P ( H T O T , L E N )
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COMPLEX HTOT  
D I M E N S I O N  H T O T ( l )  
I L E N = L E N / 2
HTOT < 1 ) - C M P L X ( 0 . > 0 , )
HTOT < L E N ) = C M P L X ( 0 . » 0 . )  
F A C = 3  * 1 4 1 3 9 2 6 / F L O A T ( I L E N ) 
DO 4 0 0  J = 2 » I L E N  
U F A C = C O S < F A C * F L O A T ( J - i  > > 
W F A C = ( 1 ♦ - U F A C  > #  * 5  
H T O T ( J ) = W F A C * H T Q T ( J ) 
J J = L E N ” J + 1  




PROGRAMS FOR SIMULATING ECHOS FROM BOTTOM STRUCTURES
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TY PE  S C A T T R . F O R
COMPLEX JA Y  f H )«DH j P H A S E  t HTOT
D I M E N S I O N  H T O T ( 1 6 0 )
REAL L f NORM t MOM 
I N T E G E R  FLAG  
F L A G = 0
DATA S C A L E / 1 0 0 0 0 0 0 /
DATA D I A » X O r M O V / 1 . 5 * 2 0 . *  1 ♦ /
DATA Z 0 * Z l / 3 3 . * 4 5 . /
DATA U N I  T »D F » B T O A /  . 2 5  * 5 0 .  * . 0 4 1 6 2 5 6 /
O P E N < U N I T = 1 1 * D E V I C E = ' D S K C " * M O D E ® ' I M A G E ' t F I L E ® ' S P E C . D  
DO 5  1 = 1 » 1 6 0  
5  HTOT < I ) =CMPLX < 0 .  * 0  ♦ )
DO 1 0  J = 1 i 1 7  
H = C M P L X < 0 . * 0 .  )
DO 1 1 = 1 * 1 8 0  
U R I T E ( 1 1 ) H  
1 C O N T I N U E
P I = 3 . 1 4 1 5 9 2 6  
C = 1 5 0 0 .
F = 8 9 5 0 •
DO 6 0 0  1 = 1 * 1 2 0
F = F + D F
W V L = C / F
D = D I A / ( 1 . 2 2 # U V L )
B = Z O / <D * S Q R T ( 1 . - 1 . / < D * * 2 ) ) )
D X = W V L * U N I T  
H = C M P L X ( 0 . y 0 ♦ )
X 1 = M 0 V # < J - l > + X 0  
A A = 2 0 ♦
X = X l - A A - D X / 2 .
N = 2 . / D X
I F ( B . G T . X l - X O f A A  >G0  TO 5 0  
N=<  B - X 1 + X 0 + A A ) / D X  
I F < N . L E . 0 ) G 0  TO 5 5 0  
5 0  I F ( J . G T . 1 ) G 0  TO 1 0 0
X = X l + D X / 2 •
N = ( X 1 - X 0 ) / D X  
I F < B . G T . X 1 - X 0 ) G 0  TO 6 0  
X = X 0 + B + D X / 2 .
N = B / D X
6 0  I F < J . G T , 1 ) G 0  TO 1 0 0
X = X l + A A + D X / 2 .
N = 1 . / D X
I F < B . G T . X 1 - X 0 + A A ) G 0  TO 1 0 0  
X = X 0 + B + D X / 2 .
N = B / D X  
1 0 0  DO 2 0 0  J J = 1 * N
I F < J . G T ,  1 ) G 0  TO 10.1  













X =X +D X  
GO TO 1 2 0
x - x - n x
I F  < J  » E G ♦ 1 >G0 TO 3 0  
I F < J . E G . l * A N n . X . L T . X l ) G O  TO 3 0
F 'HI=ACOS< ( ( X - X O ) * * 2 +  < X l - X O ) * * 2 ~ A A * # 2 ) /  < 2 *  ( X - X O ) *  < X I -
FX =Z O
Z = F X
L b S Q R T < ( X - X O ) * * 2 + Z * * 2 )
S I N T H = ( X - X O ) / L
C O S T H = Z / L
A = B I A / W U L
W = P I * A * S I N T H
W S 0 = W * * 2
W 4 T H = W S Q * * 2
U6TH =WS Q*W 4T H
U 8 T H = W 4 T H # * 2
F T H = 1 . - W S Q / 8 ♦ + W 4 T H / 1 9 2 . - W 6 T H / 9 2 1 6 * + W 8 T H / 7 3 7 2 8 0 . 
P H A S E = C E X P < C M P L X < 0 *  » - 4 . # P I # L / W V L >  )
J AY= CM PLX  < 0 » f - 1 .  )
D H = J A  Y*  ( F / C  > * F T H * * 2 * P H A S E * C 0 S T H *  ( X - X O ) # D X / L # * 2
D H = 2 # P I # D H
I F < J » E Q . 1 >G0  TO 2 0 0
I F < J * E Q * 1 ♦ A N D * X * L T » X 1 ) G 0  TO 2 0 0
D H a < P H l * D H ) / < 2 * P I >
H - H + D H  
GO TO 2 1 0
I F <F L A G ♦ E Q . 1 ) GO TO 2 0 5  
I F <  J  * N E ♦ 4 ) GO TO 2 0 5  
F L A G = 1  
X = X l - B X / 2 .
N = A A / D X
I F < B * G T . X 1 - X 0 + A A ) G 0  TO 1 0 0  
N = < B - X 1 + X 0 ) / D X  
I F < N . L E » 0 ) G 0  TO 2 0 5  
GO TO 1 0 0  
F L A G = 0
H = B T O A * S C A L E * H  
H T O T ( I ) = H  
H M A G = C A B S < H T O T ( I ) )
W R I T E < 5  * # ) HMAG 
D E N = R E A L ( HTOT < I ) )
I F < D E N * E Q « 0 )  GO TO 3 0 0
H A N G =A T A N ( A I M A G < HTOT < I ) ) / D E N ) # 1 8 0 / P I
GO TO 6 0 0
H A N G = 9 0 .
GO TO 6 0 0
H T O T < I ) =CMF'LX< 0 ♦  » 0 . )
C O N T I N U E
L E N = 1 2 0







DO 7 0 0  1 = 1  * 1 2 0  
W R I T E ( 1 1 > H T O T ( I )
H = C M P L X < 0 . » 0 . )
DO 2  1 = 1 » 7 2 4  
W R I T E * 1 1 )H  
C O N T I N U E  
W R I T E * 5 » 9 0 ) J
FORMAT * 1 X » ' COMPLETED TARGET * ' » I 4 )
C O N T I N U E
S T O P
END
S U B R O U T I N E  C O S T A P * H T O T , L E N )
COMPLEX HTOT  
D I M E N S I O N  H T O T ( 1 )
I L E N = L E N / 2
HTOT < 1 )  =CMPL.X ( 0  ♦ » 0  ♦ )
HTOT < L E N ) = C M P L X < 0 .  ,  0 .  )
F A C = 3 ♦ 1 4 1 5 9 2 6 * 2 ♦ / F L O A T  < L E N )
DO 4 0 0  J = 2 r I L E N  
W F A C = C O S ( F A C # F L O A T ( J - l ) )
W F A C = < 1 » - W F A C ) # » 5  
H T O T ( J ) =WF AC*HTOT * J )
J J = L E N - J + l




PROGRAMS FOR DISCRETE LAYER MODEL ANALYSIS OF EXPERIMENTAL DATA
153
154
♦ T Y P E  B C O E F A . F O R
C BOUNDARY R E F L E C T I O N  C O E F F I C I E N T S  A N A L Y S I S
C A U T H O R -  ROBERT B O L U S * U N I V E R S I T Y  OF NEW HA MP SH IR E
C
C D E C L A R A T I O N S
COMPLEX C ( 1 0 0 ) » D E N * A T D E N
REAL X R ( 8 1 9 2 ) * X I ( 8 1 9 2 ) * X R 1 ( 8 1 9 2 ) * P H A S E ( 8 1 9 2 ) * T A U ( 1 0 0  
REAL A L P H A < 5 >  f C R A T I O ( 5 ) * K A < 1 0 0 ) * C R ( 1 0 0 )
L O G IC A L  FOUNDM 
L O G IC A L  A T T E N* D ON E
I N T E G E R  T T Y *D A T A * A NSW ER * N O * TM* T N * B I T  
DOUBLE P R E C I S I O N  F I L E N M  
DATA T T Y * N O / 5 * ' N ' /
DATA A L P H A / 1 . * 2 . * 6 . * 2 . * 1 . /
DATA C R A T I O / 1 . 0 1 4 * 1 . 0 3 3 * 1 ♦ 1 5 0 * 1 . 3 0 0 * 1 . 6 0 0 /
C
C OPEN F I L E S
W R I T E ( T T Y * 1 0 )
1 0  F 0 R M A T ( 1 X * ' W H A T  I S  THE NAME OF YOUR I N P U T  F I L _ E ? ' * $ )
R E A D ( T T Y * 2 0 ) F IL E N M  
2 0  F O R M A T < A 1 0 )
O P E N ( U N I T = 1 0 * D E V I C E = ' D S K C ' * M O D E = ' I M A G E ' * F I L E = F I L E N M )  
OPEN < U N I T = 1 1 * D E V I C E = ' D S K C ' *  M O D E =' IM A G E ' * F I L E = ' X D A T A .  
O P E N ( U N I T = 1 2  * D E V I C E = ' D S K C ' *  M O D E =' I M A G E ' *  F I L E = ' POWER♦ 
0 P E N ( U N I T = 1 3 * r i E V I C E = ' D S K C '  * M O D E = '  IM A G E '  * F I L E = ' EMAG . D 
OPEN < U N I T = 1 4  * D E V I C E = ' D S K C ' *  M O D E * ' IM A G E ' *  F I L E = ' E P H I . D 
OPEN < U N I T = 1 5  * D E V I C E = ' D S K C ' *  M O D E = ' I M A G E ' *  F I L E = ' P R O F I L  
0 P E N ( U N I T = 1 6 * D E V I C E = ' D S K C ' * M O D E = ' I M A G E ' * F I L E = ' S I M A G .
C
C READ E X P E R I M E N T A L  DATA
W R I T E ( T T Y * 3 0 )
3 0  F O R M A T d X * ' H O W  MANY DATA S A M P L E S  ARE TO BE A NA L Y Z E D ?
R E A D ( T T Y * * ) N U M  
DO 4 0  1 = 1 * NUM 
R E A D ( 1 0 ) DATA  
X R ( I ) = F L O A T ( D A T A )
4 0  X I ( I ) = 0 .
C
C F F T * T H E N  RECT F I L T E R  ( 9 - 1 5  K H Z ) *  I F F T
CALL C O O L E R ( X R ( 1 ) * X I ( 1 ) *  NUM * 1 )
DO 5 0  1 = 1 * 1 7 9  
X R ( I ) = 0 ♦
5 0  X I ( I ) = 0 .
DO 6 0  1 = 3 0 1 * N U M - 2 9 9  
X R ( I > = 0 .
6 0  X I ( I ) = 0 .
DO 7 0  I = N U M - 1 7 7 * N U M  
X R ( I ) = 0 ♦
155
70  X I ( I ) = 0 ♦
CALL C O O L E R ( X R (  D r X K l )  j»NUMr-.1. )
C
C O P T I O N  TO OUTPUT E X P E R I M E N T A L  F I L T E R E D  T IM E  S E R I E S
W R I T E ( T T Y » 8 0 )
8 0  FORMAT< I X r " D O  YOU W IS H TO OUT PUT  E X P . F I L T E R E D  T IM E  S
R E A D <T T Y » 9 0 ) ANSWER  
9 0  F O R M A T ( A l )
I F ( A N S W E R . E Q . N O )  GO TO 1 0 0  
DO 9 5  1 = 1 > NUM 
9 5  W R I T E (1 .1  >XR< I )
1 0 0  C O N T I N U E
C
C I N I T I A L I Z A T I O N  BEF O RE  A N A L Y S I S  LOOP
DO 1 1 0  1 = 1 » NUM 
X R 1 < I ) = X R < I )
XR < I ) = 0 ♦
1 1 0  X I < I ) = 0 .
A M A X = 0 .
E P H I B M = 0 .
A T D E N = C M P L X ( 1 . * 0 .  )
D E N = C M P L X ( 1  ♦ * 0  ♦ )
T I M E = 1 .
P H I B M = 0 .
T = . 0 2 0
L A S T P K = 2 5
TM =0
T N = - 5
A T T E N = . F A L S E .
D O N E = . F A L S E .
C W = 1 5 0 0 .
K A ( 1 ) = 0 .
CR < 1 ) = 0 ♦
I D = 1
C
C A N A L Y S I S  LOOP
DO 5 0 0  L = 1 » 1 0 0  
DO 1 2 0  1 = 1 »NUM 
1 2 0  X R < I ) = X R 1 ( I ) - X R < I )
C
C CALCULATE A N A L Y T I C  S I G N A L » OUTPUT R E S I D U A L  S I G N A L  PO
CALL C O O L E R < XR < 1 ) » X I < 1 ) » NUM > 1 )
T E M P = 0 .
DO 1 8 0  1 = 1 » N U M / 2  
X R < I ) = 2 # X R < I )
X I < I ) = 2 # X I ( I )
1 8 0  T E M P = T E M P + ( XR < I ) # * 2 + X I ( I ) * * 2 ) / 2 .
I F ( L . G T . 1 ) G 0  TO 1 8 5  
PZ E R O= T E MP  
1 8 5  T E M P = T E M P / P Z E R 0 * 1 0 0 .























I F ( L . G T . 2 ) G 0  TO 1 8 7  
DT=T/NIJM  
J J = T A U ( l ) / E i T  
DO 1 8 6  1 = 1 , J J  
S T E M P = 1 0 0 »
W R I T E ( 1 2 ) STEMP  
K = T A U ( L ) / E i T  
DO 1 8 8  1 = 1 ,  K 
J J = J J + 1  
W R I T E ( 1 2 ) TEMP  
C O N T I N U E
HO 1 9 0  I = N U M / 2 + l , N U M  
X R ( I ) = 0 .
X I < I ) = 0 »
CALL C O O L E R ( X R ( 1 ) , X I ( 1 ) , N U M ,  - 1 )
O P T I O N  TO OUT PUT  ERROR S I G N A L  MAGNITIJEiE 
W R I T E ( T T Y , * ) T E M P  
W R I T E ( T T Y , 2 0 0 )
FORMAT ( I X , ' H O  YOU W I S H  TO OUT PUT  ERROR S I G N A L  MAGNITU  
REAEi ( TTY , 2 1 0 )  ANSWER  
F O R M A T ( A l )
I F ( A N S W E R . E Q * N O ) G O  TO 2 3 0  
HO 2 1 5  1 = 1 , 5  
A = 0 »
W R I T E ( 1 3 ) A
HO 2 2 0  1 = 6 , NUM
A = S Q R T  ( XR ( I  > * * 2 + X . T  ( I ) * # 2 )
W R I T E ( 1 3 ) A 
C O N T I N U E
F I N n  A M A X , S E T  A T H R E S H ,  P I C K  S C A L E  F A C T O R - P A S S  1 
I F ( L * G T . 1 ) G 0  TO 2 6 0  
W R I T E ( T T Y , 2 3 5 )
F O R M A T ( I X , ' G I V E  VALUE FOR PEA K H E T ♦ T H R E S H O L D ! ' , $ >
R E A O ( T T Y , * ) V A L U E
HO 2 4 0  1 = 1 , NUM
A = S O R T ( X R ( I ) * * 2 + X I ( I ) * * 2 )
I F ( A . G T . A M A X ) A M A X = A  
AT= VA LUE*AMAX  
W R I T E ( T T Y , 2 5 0 )
F 0 R M A T ( 1 X , ' G I V E  R E F . C O E F .  S C A L E  F A C T 0 R < 1 ' , $ )
REAEi ( T T Y ,  * > S F  
C O N T I N U E
F I  Ni l  MTH ANEi NTH P E A K S  I N  T IM E  S E R I E S  
F O U N H M = . F A L S E .
AM AXM=0.
A M A X N = 0 .
ICOUNT=0





















A S S O R T  < X R < I ) * * 2 + X I < I >  * # 2 )  
I F ( L . G T . 1 . A N D . F O U N D M » G E * 0 ) G O  TO 2 6 5  
I F ( A . L T . A T ) G O  TO 2 8 0  
I F ( F O U N D M ) G O  TO 2 7 0  
I F  < A ♦ G T . AMAXM) AMAXM-A  
T M = I - 1
I F  < TM♦E Q ♦ T N ) FO U ND M =♦ T R U E .
I F  < A .  L T .  AMAXM) FGIJNDM=.  T R U E .
GO TO 2 8 0
I C 0 U N T = I C 0 U N T + 1
I F ( I C O U N T * L T . 9 ) G 0  TO 2 8 0
I F ( A » L T * A L A S T ) G O  TO 2 7 5
I F ( A . G T . AMAXN) AMAXN=A
T N = I
I F < A » L T » AMAXN)GO TO 2 9 0
A L A S T = A
CO N TI N U E
W R I T E ( T T Y » * ) TM t AMAXM > T N » AMAXN 
I F ( A M A X N . E Q . O * ) G O T O  5 0 5
F I N D  C A R R I E R  P H A S E  S H I F T
P I = 3 . 1 4 1 5 9 2 6
DO 3 2 0  1 = 1 > NUM
I F ( X R < I ) . E G . 0 . ) G 0  TO 3 0 0
P H A SE  ( I ) =A TA N  < X I  ( I ) / X R  < I ) ) >K 1 8 0 .  / P I
GO TO 3 2 0
I F ( X I ( I ) . G E . O . ) G O  TO 3 1 0  
P H A S E  < I ) = - 9 0 .
GO TO 3 2 0  
P H A S E ! I ) = + 9 0 .
C O N TI NU E
UNWRAP C A R R I E R  P H A S E r F I N D  P H A S E  AT P E A K S  WRT.  COS R 
CALL UNWRAP < X R ( 1 ) , P H A S E  < 1 ) r TM , TN r P HI Z M  r P H I Z N  * NUM>
REMOVE T IM E  P H A S E r F I N D  P HI M  P H I N  
O P T I O N  TO OUTPUT ERROR S P A C E  P HA S E  
W R I T E ( T T Y  » 3 3 0 )
F O R M A T ( I X * ' D O  YOU WISH  TO OUTPUT ERROR S P A C E  P H A S E ? '  
READ < TTY f 3 4 0 ) ANSWER  
F O R M A T ( A l )
B I T = 5 1 2  
A N 6 L E = 1 7 3 . 2  
DO 3 5 0  1 = 1 » 4  
A N G L E = A N G L E / 2  
B I T - 2 # B I T
I F <NUM. E Q ♦ D I T ) GO TO 3 6 0
C O N T I N U E
DO 3 7 0  1 = 1 rNUM
P H I “ P H A S E ( I ) - I * A N G L E - 9 6 0 . 8 7 5 5  























I F ( I . E G . T N ) P H I N = P H I
I F ( A N S W E R , E 0 . N O ) G O  TC) 3 7 0
W R I T E ( 1 4 ) P H I
C O N T I N U E
P R I N C I P L E  PA R T  OF NTH BOUND* P H A S E  AND E S T .  B O U N D .  PH
P H I B N = P H I N - - P H I M + A N G L E * ( T N - T M ) + P H I B M + 7 2 0 .
P H I B N = P H I B N - 3 6 0 .
I F ( P H I B N . G T . O . ) G 0  TO 3 8 0  
P H I B N P = P H I B N + 3 6 0 .
I F ( P H I B N P . G T  *A B S ( P H I B N ) ) G 0  TO 3 8 5  
P H I B N = P H I B N P
R E A L ( P O S I T I V E  OR N E G A T I V E ) I M P E D A N C E  LAVER C O N S T R A I N T
I F <  A B S ( P H I B N )  ,♦ GT ♦ 9 0 . ) GO TO 4 0 0
E P H I B N = 0 .
GO TO 4 1 0  
E P H I B N = 1 8 0 .
C O N T I N U E
W R I T E ( T T Y , * ) E P H I B M  > E P H I B N
D E C I S I O N  TO T ER M IN AT E  & C LO SE  R E S I D .  POWER F I L E  
W R I T E ( T T Y r 4 1 5 )
F O R M A T ( 1 X > ' D O  YOU W IS H TO T ER M IN AT E  S I M U L A T I O N ? ' » $ )  
R E A D ( T T Y , 4 1 6 ) ANSWER  
F O R M A T ( A l )
I F <A N S W E R . E Q . N O ) G O  TO 4 1 7
J J = J J + 1
W R I T E ( 1 2 ) TEMP
I F < J J . L T . NUM)GO TO 4 . 1 4
L L = L - 1
GO TO 4 2 9
C O N T I N U E
CALCU LAT E B O U N D . R E F . C O E F . A N D  2 - W A Y  TRAVEL TIME  
I F ( L . G T » 1 ) G 0  TO 4 2 0
C ( 1 ) = S F * A M A X M / A M A X * C E X P ( C M P L X ( 0 .  , P I * E P H I B M / 1 8 0 .  ) ) 
F C = A N G L E / 3 6 0 . # N U M / T
T A U ( 1 )  =  ( A N G L E *  < T M - 1 . ) + 0 . - P H I Z M ) / 3 6 0 . * 1 . / F C
D EN = < 1 - C  < L ) * * 2 ) * D E N
A T D E N = < 1 - C <L ) * * 2 ) * A T D E N
I F ( E P H I B N . E Q . O . ) G 0  TO 4 2 6
I F ( P H I Z N . G T . 0 . ) G 0  TO 4 2 5
P H I Z N = P H I Z N + 1 8 0 .
GO TO 4 2 6  
P H I Z N = P H I Z N ~ 1 8 0 .
I F ( E P H I B M . E Q . O . > G 0  TO 4 2 8  
I F ( P H I Z M » G T . 0 . >G 0  TO 4 2 7  
P H I Z M = P H I Z M + 1 8 0 ♦
GO TO 4 2 8
P H I Z M = P H I Z M - 1 8 0 ♦





















C < L + l ) = S F # A M A X N /  < AMAX#ATDEN ) * C E X P  ( CMPLX < 0 .  * P I f t E P H I B N /  
TAU < L + l > =  < A N G L E *  ( T N - T M ) + P H I Z M - P H I Z N ) / 3 6 0 .  * 1 .  / F C  
P UT I N  NARROW BAND A T T E N U A T I O N  C O E F .
I F <DO N E) GO  TO 4 3 5  
I F ( A T T E N ) G O  TO 4 3 1
I F <AMAXN. L T . A M A X / 4 . 6 . O R . T N . L T . 7 7 6 ) GO T O . 4 3 2  
A T T E N = . T R U E »
L A T T E N = L + 1
A T D E N = A T D E N # E X P ( - A L P H A  < I D ) / 8 . 6 8 6 * C U # C R A T 1 0  < I D ) # T A U  < L +  
C < L + l ) = S F # A M A X N / < A M A X * A T D E N ) * C E X P ( CMPLX < 0 ♦ , P I * E P H I B N /  
KA < L + l ) = A L P H A < I D ) / <  8 ♦ 6 8 6 # F C )
C R < L + 1 ) = C R A T I O < I D )
I D = I D + 1
I F ( I D ♦ G T . 5 ) D O N E = . T R U E .
GO TO 4 3 3  
W R I T E ( T T Y , 4 3 4 )
F O R M A T ( I X , ' A T T E N U A T I O N  L A Y E R S  ARE F I N I S H E D ! ' )  
K A ( L + 1 > = 0 .
C R ( L + 1 > = 0 .
T I M E = T I M E + T A U <L ) * N U M / T  
W R I T E ( T T Y , # ) P H I Z M , P H I Z N , T I M E  
W R I T E ( T T Y , * ) C ( L ) , C ( L + 1 ) , T A U ( L ) , T A U ( L + 1 >
CALCULATE MODEL R E F L .  C O E F .  A S  A F U N C .  OF F R E Q .
L L = L
CALL M O D E L ( L L , D E N , C ( 1 ) , T A U ( 1 ) » C R ( 1 ) , K A ( 1 ) , X R ( 1 ) , X I ( 1 )
S H A P E  MODEL SPECTRUM WITH R A I S E D  C O S I N E  
L E N = 1 2 0
CALL C O S T A P ( X R ( 1 ) , X I ( 1 ) , L E N * NUM)
FOLD F R E Q .  OVER I N T O  N E G .  SPECTRUM  
DO 4 3 0  1 = 1 , N U M / 2  
X R < N U M - I + 1 ) = X R < 1 + 1 )
X I ( N U M - I + l ) = - X I ( 1  +  1 )
DO 4 4 0  1 = 1 , NUM 
G F = 3 4 5 0 . / S F  
XR < I ) = G F  # X R ( I )
X I < I ) = G F # X I ( I )
OUTPUT MODEL T - S E R I E S  MAGNITUDE ON S I M .  T E R M I N A T I O N  
I F <A N S W E R . E Q . N O ) G O  TO 4 4 4  
DO 4 4 1  1 = 1 , N U M / 2  
X R ( I ) = 2 # X R ( I )
X I < I ) = 2 # X I < I )
DO 4 4 2  I = N U M / 2 + 1 , NUM 
X R < I ) = 0 .
X I ( I ) = 0 .
CALL COOLER ( XR < 1 ) ,  X I  ( 1 ) ,  NUM,  -  .1)
DO 4 4 3  1 = 1 , NUM


























W R I T E ( 1 6 ) S I M  
GO TO 5 0 5  
C O N T I N U E
I F F T  TO MODEL T IM E  S E R I E S  X UPDAT E BOUNDARY P H A SE  
CALL COOLER ( X R  ( l ) r X I ( l )  . N U M . - I )
W R I T E ( T T Y . 4 4 6 )
F 0 R M A K 1 X . ' D O  YOU WISH  TO EXAM.  T IM E  S E R I E S ? '  .  $ )  
R E A D ( T T Y .  4 4 7 ) ANSWER  
F O R M A T ( A l )
I F ( A N S W E R . E Q . N O ) G O  TO 44 (3  
DO 4 4 5  I = T M - 1 2 . T M + 1 2  
W R I T E ( T T Y . * ) I . X R ( I ) . X R 1 ( I )
C O N T I N U E
L A S T P K = T N
P H I B M = P H I B N
E P H I B M = E P H I B N
C A L .  R E L .  I M P .  P R O F I L E  AND F I L E  I T  FOR OUTPUT
D T = T / N U M
R H 0 C = 1 .
J = T A U ( 1 ) / D T
DO 5 1 0  I = 1 » J
W R I T E ( 1 5 ) R H 0 C
DO 5 3 0  1 = 1 . 1 0 0
I F ( C ( I + 1 ) . E Q . 0 . ) G 0  TO 5 4 0
BEDROCK C O N S T R A I N T
I F ( I . G E . L A T T E N ) C ( I ) = C A B S ( C ( I ) )
R H O C = R H O C # C A B S ( ( 1 + C ( I ) ) / ( 1 - C ( I ) ) >
K = T A U ( 1 + 1 > / D T  
DO 5 2 0  M = 1 . K  
W R I T E < 1 5 >RHOC 
J = J + 1
I F ( J . E Q . N U M ) G O  TO 5 5 0
C O N T I N U E
C O N T I N U E
R H 0 C - - 1 ♦
W R I T E ( 1 5 ) R H 0 C  
J = J + 1
I F ( J . L T ♦ NUM)GO TO 5 4 0  
W R I T E ( T T Y . 5 6 0 )
FORMAT( 1 X » ' I N F O R M A T IO N  FOR P L O T I N G  P R O G R A M ' )
W R I T E ( T T Y » 5 7 0 ) J J  > NUM
FORMAT( I X . 1 6 » ' P O I N T S  ARE I N  R E S  POWER F I L E ' . 1 6 . ' I N  OT
S T O P
END
PROGRAM S U B R O U T I N E S  
UNWRAP C A R R I E R  P H A S E  ANGLE

















REAL XR( 1 ) » PHASE < 1 ) r NEXT»LAST 
L A S T = 0 ♦
THETA=0 .
DO 10 0  J=1*NUM 
NEXT=PHASE( J )
I F ( N E X T » G T » 0 » ♦A N D . X R ( J ) ♦G T . O . ) G 0  TO 10 
I F ( N E X T . L T . O . . A N D « X R ( J ) . L T . O . ) G 0  TO 20  
I F <NEXT♦G T . 0 ♦ . AND»XR( J  >♦L T ♦ 0 ♦ ) GO TO 30  
I F ( N E X T . L T . O .  * A N D . X R ( J ) . G T . O . ) GO TO 40  
NEXT=NEXT 
GO TO 50
N E X T = 9 0 . + ( 9 0 . - A B S ( NEXT >)
GO TO 50  
N EXT=180 .+N EXT 
GO TO 50
N E X T = 2 7 0 . + ( 9 0 . -AB S  < NEXT >)
I F ( J . N E ♦TM >GQ TO 60
I F ( N E X T * G T * 1 8 0 * )GQ TO 55
PHIZM=NEXT
GO TO 60
F 'H IZM=NEXT-36 0 .
I F ( J . N E . T N ) G O  TO 70  
I F ( NEXT♦GT♦ 1 8 0 ♦ ) GO TO 65  
PHIZN=NEXT 
GO TO 70 
P H I Z N = N E X T - 3 6 0 ♦
I F ( N E X T . G T ♦LAST)GO TO 80  









MODEL TO C A L « R E F . C O E F ♦ A S  A F U N C . O F  F R E Q .  
S U B R O U T I N E  MODEL( LL t DEN * C » TAU ? C R f  K A * XR t X I » S F ) 
REAL S F
REAL C R ( 1> > K A ( 1 )
REAL X R ( 1 ) » X I ( 1 ) »T A U ( 1 )
COMPLEX V »Z » TRANS * DEN»C ( 1 )
COMPLEX U 
INTEGER TTY
DATA P I fD F » T T Y / 3 . 1 4 1 5 9 2 6 » 5 0 ♦ » 5 /
F = 8 9 5 0 .
CW=1500.
DO 20  .1=181 f  301 
TRANS=DEN
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F = F + D F
V = C < L L + 1 )
DO 1 0  J = L L > 1 > - 1
Z = C E X P <CMPLX <- K A  ( J + l ) * F * C W # C R  ( J + l ) * T A U <  J + l ) i- - 2 * P I # F * T  
T R A N S = T R A N S * Z  
1 0  V = < C < J ) + V # Z > / < 1 . + C < J > # V * Z >
Z = C E X P ( CM PL X ( 0 ♦ t - 2 # P I # F # T A U < 1 ) ) )
C H E C K = C A B S < V * Z >
I F ( C H E C K * L T » 1 » >G 0  TO 1 5  
W R I T E ( T T Y * 1 4 > S F
1 4  F O R M A T d X f ' R E F L E C T I O N  C O E F ♦ MAG ♦ E X C E E D S  1 ! f MAKE S F < ' t F
1 5  V = Z * ( V - T R A N S * C < L L + 1 > )
X R < I ) = R E A L ( V >




C C O S I N E  TAP E RE D  S N A P P I N G  OF S P E C T R A
S U B R O U T I N E  C O S T A P ( X R * X I > L E N » N U M )
REAL X R ( l ) v X K l )
I L E N = L E N / 2  
DO 5  1 = 1  * 1 8 0  
X R < I ) = 0 «
5  X I < I ) = 0 .
F A C = 3 . 1 4 1 5 9 2 6 * 2 . / F L O A T  < L E N )
DO 1 0  J = 1 t I L E N  
W F A C = C O S < F A C * F L O A T < J - l ) )
WFAC= < 1 ♦ - W F A C ) *  ♦ 5
X R ( 1 8 0 + J > = W F A C * X R < 1 S 0 + J )
X I < 1 8 0 + J ) = W F A C * X I < 1 8 0 + J )
J J = 1 8 0 + L E N - J + 2  
XR < d J ) =WFAC #XR  < J J )
1 0  X I ( J J ) = W F A C # X I ( J J )
DO 1 5  I = 3 0 2 » N U M  
X R ( I ) = 0 *




C F A S T  F O U R I E R  TRANSFORM AND I N V E R S E  TRANSFORM
S U B R O U T I N E  C O O L E R <X R » X I t NUM t I S I G N )
I N T E G E R  B I T < 1 4 )
REAL X R < 1>  * X I < 1 )
E Q U IV A L E N C E  < Q R » T E M P » F L X )  > ( I 2 > N W . t )
DATA B I T / 8 1 9 2 > 4 0 9 6 > 2 0 4 8 * 1 0 2 4  r5 1 2 > 2 5 6 » 1 2 8 » 6 4  * 3 2 » 1 6 » 8 > 4  
DO 1 1 = 1 , 1 4
I F < N U M * E Q . B I T  < I ) )GOTO 1 0  
1 C O N T I N U E
1 0  N = 1 4 - I
I l = 1 5 - N  
12 = 11+1
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L X = B I T < I 1 > # 2  
L X 4 = B I T  < 1 2 )
F A C T 0 R = 2 ♦ * 3 . 1 4 1 5 9 2 6 5 / F L O A T < L X )
BO 4  L A Y E R = 1 » N
N B L 0 C K = B I T < ~ 1 * L A Y E R + 1 5 >
L B L O C K = L X / N B L G C K
L B H A L F = L B L 0 C K / 2
NW=0
DO 4  I B L O C K = l » N B L O C K  
FMW=NU
WR=COS ( FMW#FACTOR )
W I = S I N  ( FMW#FACTOR ) 
I F < I S I G N . G T . O ) W I = - W I  
L S T A R T = l + L B L O C K # ( I B L O C K - 1 ) 
L E N n = L S T A R T + L B H A L F - l  
HO 2  I = L S T A R T * L E N H  
I L B = I + L B H A L F
G R = X R < I L B ) # W R - X I ( I L B ) *WI  
Q I = X R < I L B > * W I + X I < I L B ) * W R  
X R ( I L B ) = X R < I ) - Q R  
X I < I L B ) = X I ( I ) - Q I  
XR < I ) =X R  < I ) +QR
2  X I < I > = X I ( I ) + Q I  
HO 3  I = I 2 > 1 4  
I F ( N W . L T » B I T ( I ) ) G O T O  4
3  N W = N W - B I T ( I )
1 = 1 4
4  NW=NW+BIT < I >
NW=0
HO 7  K = 1 * LX  
NW1=NW+1
I F ( N W 1 * L E » K ) G O T O  5  
T E M P = X R ( N W 1 )
X R < N W 1 ) = X R < K )
X R < K ) = T E M P  
T E M P = X I < N W 1 )
X I < N W 1 ) = X I < K >
X I < K ) = T E M P
5  BO 6  1 = 1 1 » 1 4  
I F ( N W . L T . B I T ( I > > G O T O  7
6  N W = N W - B I T  < I )
1 = 1 4
7  NW=NW+BIT < I )
I F < I S I G N . G T » 0 > G 0 T 0  9  
F L X = L X
n o  8  J = 1 * L X  
X R < J ) = X R < J ) / F L X





. T Y P E  S T A C U N . F O R
I N T E G E R  R EC O R D < 1 0 2 4 )
I N T E G E R  T T Y » A NSW ER » UN * FRAME  
DOUBLE P R E C I S I O N  F IL E N M  
L O G IC A L  STACK  
DATA T T Y » U N / 5 > ' U ' /
S T A C K = . T R U E .
W R I T E ( T T Y r 5 )
5  F G R M A T ( l X r  'WHAT I S  THE NAME OF THE F I L E  TO BE STACUN ED
R E A D ( T T Y > 7 ) F 1 L E N M
7  FORMAT < A 1 0 )
OPEN < U N I T = 1 1 >D E V I C E ® ' D S K C ' > M O D E - ' I M A G E ' » A C C E S S ® ' RANDOM 
+  RECORD S I Z E = 1 0 2 4 > F I L E ® ' S T A C K . D A T ' )
0 P E N ( U N I T = 1 2 * D E V I C E = ' D S K C ' » M O D E ® ' I M A G E ' » F I L E ® F I L E N M )  
W R I T E <T T Y f 1 0 )
1 0  FORMAT< I X *  7DO YOU W IS H TO S TAC K OR U N S T A C K ? ' > $ )
READ < T T Y , 2 0 ) ANSWER
2 0  F O R M A T < A 1 )
I F  < AN S W E R .  EG).  U N ) S T A C K ® .  F A L S E .
W R I T E ( T T Y » 3 0 )
3 0  F O R M A T ( l X r ' H O W  MANY S A M P L E S  P ER F R A M E ? ' r $ )
R E A D ! T T Y > * ) N U M  
W R I T E <T T Y » 4 0 )
4 0  F O R M A T ! I X > 'WHIC H FRAME NUMBER DO YOU WISH  TO A C C E S S ? ' t
R E A D ( T T Y * # ) FRAME  
I F ( S T A C K ) G O  TO 7 0  
READ < 1 1 # F R A M E ) RECORD  
WRITE < 1 2 ) <  RECORD ( J ) » J = 1 * 1 0 2 4 )
GO TO 90
7 0  R E A D ( 1 2 X R E C O R D !  J )  , J = . 1 * 1 0 2 4 )
W R I T E ( 1 1 # F R A M E ) RECORD
9 0  W R I T E ( T T Y  * 1 0 0 ) NUM*FRAME
1 0 0  FORMAT< I X * 1 6 * '  S A M P L E S  OF FRAME * ' * I A * '  HAVE BEEN  TRAN




SAMPLE EXECUTION OF BOUNDARY COEFFICIENTS ANALYSIS INTERACTIVE PROGRAM
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” C
. E X  R E A D T P . F O R , I R 0 T 3 . M A C  
L I N K .  L o a d i n g  
CLNKXCT REA DT P  E x e c u t i o n 3
FROM WHICH DATA BLOCK NUMBER DO YOU WANT TO A C C E S S  DATA ?  
N O I S E J  1 , 4 , 7 . . .  TRA NSS 2 , 5 , 8 . . .  ECHO? 3 , 6 , 9 . . .
3
THE BLOCK H E A D I N G  I S  3
THERE ARE 1 0 2 4  S A M P L E S  I N  BLOCK *  3
DO YOU WANT ANOTHER BLOCK ?  NO
S T O P
END OF E X E C U T I O N
CPU T IM E ? 0 . 8 3  E L A P S E D  T I M E :  1 3 . 4 0  
E X I T
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"C
. E X  B C O E F A . F O R  
FORTRANJ BCOEFA  





L I N K ?  L o a d i n s
CLNKXCT BCOEFA E x e c u t i o n . !
WHAT I S  THE NAME OF YOUR I N P U T  F I L E T S I G . N A L  
HOW MANY DATA S A M P L E S  ARE TO BE A N A L Y Z E D ? 1 0 2 4  
DO YOU W IS H TO OUTPUT E X P . F I L T E R E D  T IM E  S E R I E S ? N O
1 0 0 . 0 0 0 0  t
DO YOU W IS H TO OUT PUT  ERROR S I G N A L  MA G N IT U D ET Y ES
G I V E  VALUE FOR PEAK D E T .  T H R E S H O L D ! . 0 3 3
G I V E  R E F . C O E F .  S C A L E  F A C T 0 R < 1 . 0 4 5
2 7 8  » 2 3 . 8 7 7 1 5  * 3 0 6 t  2 2 . 7 1 5 0 0  »
DO YOU W IS H  TO OUTPUT ERROR S P A C E  P H A S E ? Y E S
0 . 0 0 0 0 0 0 0  » 0 . 0 0 0 0 0 0 0  r
DO YOU W IS H TO T ER M IN A T E  S I M U L A T I O N T N O  
- 1 2 9 . 6 5 4 3  r - 1 5 7 . 2 1 1 9  r 2 7 9 , 4 9 7 2  »
< 0 , 0 0 2 5 9 7 5 ? 0 . 0 0 0 0 0 0 0 )> ( 0 . 0 0 2 4 7 1 1 r 0 . 0 0 0 0 0 0 0 ) »  
0 , 5 5 3 0 9 0 2 E - 0 3 1
DO YOU W IS H TO EXAM. TI M E  S E R I E S ? Y E S
2 6 6 1 . 5 6 5 9 1 1  » 5 . 1 2 6 7 6 9  »
2 6 7 3 . 9 7 2 5 1 1  » 8 . 8 4 5 7 2 4  »
2 6 8 - 2 . 0 4 4 7 7 8  » - 4 . 7 6 0 2 5 4  »
2 6 9 - 7 . 5 4 3 3 4 3  f - 1 1 . 9 4 6 1 9  i
2 7 0 1 . 4 6 5 9 6 2  r 3 . 0 4 2 3 9 8  v
2 7 1 1 1 . 7 2 5 9 0  > 1 5 . 7 1 2 9 4  *
2 7 2 0 . 6 1 9 4 0 2 6  > 0 . 5 7 8 6 4 0 0  >
2 7 3 - 1 5 . 6 5 5 0 4  t - 1 8 . 8 9 0 0 0  >
2 7 4 - 4 . 2 3 4 2 9 6  » - 5 . 7 0 0 2 4 1  »
2 7 5 1 8 . 3 3 5 7 0  » 2 0 , 2 9 5 6 9  r
2 7 6 8 . 8 6 3 5 6 0  t 1 1 . 0 6 8 4 4  >
2 7 7 - 1 8 . 9 8 2 5 5  * - 1 9 . 4 9 3 5 5  »
2 7 8 - 1 3 . 5 5 0 8 3  f - 1 5 . 2 3 7 3 1  *
2 7 9 1 7 . 3 1 8 8 0  , 1 6 . 9 4 7 4 5  t
2 8 0 1 7 . 1 8 7 0 5  » 1 7 . 3 1 3 3 1  ?
2 8 1 - 1 3 . 7 0 2 5 4  r - 1 3 . 5 9 7 4 2  »
2 8 2 - 1 8 . 8 8 2 7 5  » - 1 7 . 2 7 0 1 8  >
2 8 3 9 . 0 1 8 5 5 7  > 1 0 , 2 3 3 4 3  >
2 8 4 1 8 . 2 7 2 2 7  f 1 5 . 6 7 4 1 7  t
2 8 5 - 4 . 3 7 5 6 1 6  > - 7 . 1 6 9 7 5 2  *
2 8 6 - 1 5 . 6 2 4 5 1  t - 1 3 . 1 2 3 0 3  r
2 8 7 0 . 7 3 4 1 3 6 8  > 4 . 4 3 5 5 3 0  >
2 8 8 1 1 . 7 1 9 0 6  » 9 . 9 0 3 2 1 3  »
2 8 9 1 . 3 8 3 8 9 9  » - 2 . 2 3 7 8 2 9  t
0 . 5 4 3 9 3 9 8
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2 9 0 ,  - 7 . 5 4 8 8 5 4  ,  - 6 . 1 4 4 6 5 6  *
9 9 . 9 6 9 1 3  ,
DO YOU WISH  TO OUTPUT ERROR S I G N A L  M A G N 1 T U D £ ? N 0  
3 0 6 ,  2 2 . 7 6 9 5 2  ,  3 2 3 ,  6 6 . 9 5 5 8 9  ,
DO YOU WISH  TO OUT PUT  ERROR S P A C E  P H A S E 7 N 0  
0 . 0 0 0 0 0 0 0  ,  0 . 0 0 0 0 0 0 0  ,
DO YOU WISH  TO T ER M IN AT E  SIMUL.A TIO NTN O  
- 1 5 7 . 0 2 9 6  ,  - 7 3 , 1 5 5 5 7  ,  3 0 7 . 8 1 5 4  ,
< 0 . 0 0 2 4 7 1 1  ,  0 . 0 0 0 0 0 0 0 ) ,  ( 0 . 0 0 7 2 8 3 9 ,  0 . 0 0 0 0 0 0 0 ) ,  0 . 5 5 3 0 9 0 2  
0 . 3 1 3 1 1 4 8 E - 0 3 ,
DO YOU WIS H TO EXAM.  TI ME  S E R I E S T N O  
9 9 . 9 3 2 9 2  ,
DO YOU WIS H TO OUT PUT  ERROR S I G N A L  MAGNITUDETNO  
3 2 3 ,  6 6 . 8 7 7 0 9  ,  3 4 7 ,  6 0 . 0 6 5 0 7  ,
DO YOU WISH  TO OUTPUT ERROR S P A C E  P HA SET NQ  
0 .0 0 0 0 0 0 0  , 0 .0 0 0 0 0 0 0  ,
DO YOU W IS H TO T ER M IN AT E  S I M U L A T I O N T N O  
- 7 2 . 1 5 5 2 6  ,  - 1 1 1 . 9 1 6 9  ,  3 2 3 . 8 4 6 9  ,
< 0 . 0 0 7 2 8 3 9 r 0 , 0 0 0 0 0 0 0 ) »  ( 0 . 0 0 6 5 3 4 6 *  0 . 0 0 0 0 0 0 0 ) »  0 . 3 1 3 1 1 4 8  
0 . 4 7 7 7 1 7 6 E - 0 3 *
DO YOU W IS H TO EXAM.  TIME  S E R I E S T N O  
9 9 . 6 8 5 9 9  »
DO YOU WISH  TO OUTPUT ERROR S I G N A L  MAGNITUDETNO  
3 4 7 i 5 9 . 9 9 7 6 7  » 3 6 8 ,  1 6 , 9 6 4 5 0  ,
DO YOU W IS H TO OUT PUT  ERROR S P A C E  P H A S E 7 N 0  
0.0000000 , 0.0000000 ,
DO YOU W IS H TO T ER M IN A T E  S I M U L A T I O N ? N O  
- 1 1 2 . 8 1 7 4  ,  - 1 3 7 , 7 0 5 2  ,  3 4 8 . 3 0 6 0  ,
< 0 . 0 0 6 5 3 4 6 ,  0 . 0 0 0 0 0 0 0 ) ,  < 0 . 0 0 1 8 4 5 7 ,  0 . 0 0 0 0 0 0 0 ) ,  0 . 4 7 7 7 1 7 6  
0 . 4 1 5 7 6 9 3 E - 0 3 ,
DO YOU W IS H  TO EXAM.  TI ME  S E R I E S T N O  
9 9 , 4 9 2 0 5  ,
DO YOU WIS H TO OUTPUT ERROR S I G N A L  MAGNITUDETNO  
3 6 8 ,  1 8 . 5 0 5 3 2  ,  3 9 9 ,  9 5 . 8 3 9 4 5  ,
DO YOU W IS H TO OUT PUT  ERROR S P A C E  PHASE'PNO  
0 . 0 0 0 0 0 0 0  ,  1 8 0 . 0 0 0 0  ,
DO YOU W IS H TO T ER M IN AT E  S I M U L A T I O N T N O  
- 1 3 7 . 7 5 6 3  ,  - 9 2 . 0 1 8 6 9  ,  3 6 9 . 5 9 3 4  ,
< 0 . 0 0 1 8 4 5 7 ,  0 . 0 0 0 0 0 0 0 ) ,  < - 0 . 0 1 0 4 2 7 0 ,  0 . ) ,  0 . 4 1 5 7 6 9 3 E - 0 3 ,  
0 . 5 9 5 1 5 3 4 E - 0 3 ,
DO YOU W IS H  TO EXAM.  TIME  S E R I E S T N O  
9 9 , 4 7 7 9 6  ,
DO YOU WIS H TO OUT PUT  ERROR S I G N A L  MAGNITUDETNO  
3 9 9 ,  9 5 . 9 2 2 5 9  ,  4 2 7 ,  2 6 . 9 7 7 4 7  ,
DO YOU W IS H TO OUT PUT  ERROR S P A C E  P HA SE T N O
1 8 0 . 0 0 0 0  ,  0 . 0 0 0 0 0 0 0  ,
DO YOU W IS H TO T ER M IN AT E  S I M U L A T I O N T N O  
- 9 1 . 9 5 2 3 0  ,  - 1 7 0 . 5 3 7 2  ,  4 0 0 , 0 6 5 2  ,
( - 0 . 0 1 0 4 2 7 0 ,  0 . ) ,  < 0 . 0 0 2 9 3 5 4 , - 0 . ) ,  0 . 5 9 5 1 5 3 4 E - 0 3 ,  0 . 5 6 4 5 9
DO YOU WISH  TO EXAM.  T IM E  S E R I E S ? N O
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DO YOU WISH  TO OUTPUT ERROR S P A C E  P HA SET NO  
1 8 0 . 0 0 0 0  ,  0 . 0 0 0 0 0 0 0  ,
DO YOU W IS H TO T ER M IN A T E  S I M U L A T I O N ? N O
1 7 5 . 3 6 4 8  ,  - 1 6 4 . 7 5 5 1  ,  8 1 0 . 2 5 1 0  ,
( - 0 . 0 3 2 9 3 3 1 ,  0 . ) ,  < 0 ♦ 0 5 4 6 6 5 2 » - 0 . ) ,  0 . 2 2 2 2 8 6 4 E - 0 3 ,  0 . 3 1 1 0 8
DO YOU W IS H  TO EXAM,  T IM E  S E R I E S T N O  
3 6 , 0 5 7 3 2  ,
DO YOU WIS H TO OUTPUT ERROR S I G N A L  MAGNITUDETNO  
8 2 4 ,  2 4 3 . 6 6 2 5  ,  8 4 2 ,  3 1 2 . 8 6 2 2  ,
DO YOU W IS H  TO OUTPUT ERROR S P A C E  P HA SET NO  
0 . 0 0 0 0 0 0 0  ,  1 8 0 . 0 0 0 0  ,
DO YOU WIS H TO T ER M IN A T E  S I M U L A T I O N T N O  
- 1 6 8 . 7 2 0 2  ,  - 1 2 0 . 8 4 3 6  ,  8 2 6 . 1 7 8 5  ,
< 0 . 0 5 4 6 6 5 2 » - 0 . > »  ( - 0 . 0 7 4 0 3 4 3 ,  0 . 0 0 0 0 0 0 0 ) ,  0 . 3 1 1 0 8 3 6 E - 0 3 ,
0 , 3 4 0 7 6 4 7 E - 0 3 ,
DO YOU WISH  TO EXAM.  T I M E  S E R I E S T N O  
3 6 . 1 0 5 7 4  ,
DO YOU W IS H TO OUTPUT ERROR S I G N A L  MAGN IT UDE ?N O  
8 4 2 ,  3 2 1 . 0 9 3 9  ,  8 6 0 ,  1 9 0 . 8 4 8 5  ,
DO YOU W IS H  TO OUTPUT ERROR S P A C E  P H A S E 7 N 0
1 8 0 , 0 0 0 0  ,  0 . 0 0 0 0 0 0 0  ,
DO YOU WIS H TO T ER M IN AT E  SIM UL.ATIONTNO  
A T T E N U A T IO N  L AY E RS  ARE F I N I S H E D !
- 1 2 1 . 0 2 7 5  ,  - 1 1 5 . 3 0 0 4  ,  8 4 3 . 6 2 5 7  ,
( - 0 . 0 7 4 0 3 4 3 ,  0 . 0 0 0 0 0 0 0 ) ,  ( 0 . 0 4 5 4 1 0 4 , - 0 . ) ,  0 . 3 4 0 7 6 4 7 E - 0 3 ,
0 . 3 5 0 2 7 0 9 E - 0 3 ,
DO YOU W IS H TO EXAM.  T I M E  S E R I E S T N O  
3 1 . 4 2 3 3 5  ,
DO YOU W IS H TO OUT PUT  ERROR S I G N A L  M A G N I T U D E 7 N 0  
8 6 0 ,  1 9 6 . 6 3 2 4  ,  8 7 0 ,  1 8 9 . 3 6 1 4  ,
DO YOU WISH  TO OUTPUT ERROR S P A C E  P HA SET NO  
0 . 0 0 0 0 0 0 0  , 0 . 0 0 0 0 0 0 0  ,
DO YOU WIS H TO T ER M IN AT E  S I M U L A T I O N T Y E S  
IN F OR M AT IO N  FOR P L O T I N G  PROGRAM
1 0 2 4 P Q I N T S  ARE I N  R E S  POWER F I L E  1 0 2 4 I N  OTHERS  
S T O P
END OF E X E C U T IO N
CPU T I M E !  5 9 . 2 2  E L A P S E D  T I M E .  9 : 5 4 . 3 7  
E X I T
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"C
♦ D I R  ♦ ♦ D A T
XDATA DAT 0 < 0 7 7 > 2 4 ~ A u £ f - S 0
POWER DAT 8 < 0 7 7 > 2 4 - A u - 4 ~ 8 0
EMAG DAT 8 < 0 7 7 > 2 4 - A u £ J - 8 0
E P H I DAT 8 < 0 7 7 > 2 4 - A u s ! - 8 0
P R O F I L DAT 8 <077> 2 4 - A u S - 8 0
SIMAG DAT 8 <077> 2 4 - A u S - 8 0
T o t a l  o f  4 0  b l o c k s  i n  6  f i l e s  o n  DSKC
DSKCJ C 2 0 0 0 *  3 2 0 5 1 3
C 2 0 0 0 » 3 2 0 5 1 1
APPENDIX H
DERIVATION OF REFLECTION COEFFICIENT FOR N PLANE-PARALLEL, 
EQUAL TWO-WAY TRAVEL-TIME LAYERS [46]
Consider a s e t  o f  N p la n e -p a ra l l e l  layers  where each has a 
cons tan t  s p e c i f i c  acous t ic  impedance pc and a l l  are separated  by equal 
two-way t rave l  times t .  At the nth boundary an express ion  f o r  the to t a l  
up and down going plane wave propagating normal to  the  la ye rs  may be 
w r i t t en  as:
,1/2
Dn+1 " Z ' (1+Cn > V CnUn+l (H.l)
U_ ,1/2-n _ ( 1 - C j U . , ,  + C D .n n '  n+l n n






z -c Dn n
-C Z 1 U_  n _ _n_ (H.2)
By i t e r a t i n g  t h i s  so lu t ion  a l l  the way back to  the 1s t  boundary, the 
fol lowing polynomials in Z may be defined:
Dn+1





(1-C J . - . d - C , ) Q„ Pn _n n_ ” l _
(H.3)
When a s im i la r  express ion  i s  found a t  the n-1 s t  boundary f o r  DR and Un 
and s u b s t i t u t e d  in to  equation 2 , a r ecu rs ive  r e l a t i o n  fo r  the polynomials 
i s  found:
P = P -j - C„ Z Q„ -In n-1 n Hn-1
Qn = Q„- i - CnZ p j ' .n^ n-l n n-l (H .4 )
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At the  1 s t  boundary f o r  the condi t ion  t h a t  the re  i s  no up-going wave 
in the n+ l s t  l a y e r ,  Un+-j = 0 , the following i s  t r u e :
Qn D1 + PnUl = °* (H*5>
The wave propagation across the 0th boundary i s :
(H.6 )D1 1 "Co Do
-C 1 U„_  o _ _0_
By s u b s t i t u t i n g  (6 ) in to  (5) and tak ing  the r a t i o  o f  U0 /DQ, which i s  the 
r e f l e c t i o n  c o e f f i c i e n t  a t  the oth boundary,
I) C P -Q o _ o n n
D " P -C Q o n o n
(H.7)
APPENDIX I
DERIVATION OF RICCATI EQUATION FOR REFLECTION COEFFICIENT 
OF AN INHOMOGENEOUS LAYER [44]
Consider a l a y e r  between two p l a n e - p a r r a l l e l  boundaries where 
the  s p e c i f i c  acous t ic  impedance v a r ie s  as a function  of  the  depth v a r ia b le  
z,
pc  = p c ( z ) .  ( 1 . 1 )
The equa tions  of  physics f o r  the  medium are:  
pavz/ 3t  = -ap /az  , dp = 1/ c 2 dp
p3V_/3Z = - 3p /3t  = -  \  3p /3 t .  (1.2)
Cc
At a depth z in the  l a y e r ,  assume a s o lu t ion  of  up and down-going waves: 
P (z )  = [D(z)+R(z) ]e ' i < “t ' kz)
V( z )  = t .P.(9 ) .; .K (z ) ]  e - 3 ( » t - l < z )  ( 1 . 3 )
p c
fo r  the  p ressure  and v e lo c i ty .  By assuming k to  be cons tan t  in the 
increment Az around z and by s u b s t i t u t i n g  equat ions 3 in to  equa tions  2 
gives:
[D- -  (D-R)y = 0] R
[R '  - (D-R)y + 2jkR = 0] D, (1 .4)
where y = 2 ^ 3 ( pc) / 3 z
The r e f l e c t i o n  c o e f f i c i e n t  i s  def ined as the r a t i o  of  r e f l e c t e d ,  R, to 
d i r e c t ,  D, waves.
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V -  R/D ( 1 . 6 )
By combining equat ions 4,  a Ricca ti  d i f f e r e n t i a l  equation i s  found fo r  
the r e f l e c t i o n  c o e f f i c i e n t :
r  + 2jkV + Y(l-V2) = 0. ( 1 . 7 )
APPENDIX J
FORM OF THE y FUNCTION FOR A SHAPED EXPONENTIAL IMPEDANCE LAYER
From the de r iva t ion  o f  the Ricca ti  Equation fo r  the r e f l e c t i o n  
c o e f f i c i e n t ,  the y funct ion  i s  defined as:
v = 2p^-(z ) 3pc(z ) / az  ( J . l )
When the s p e c i f i c  acous t ic  impedance of  the inhomogeneous la ye r  i s  assumed 
to  have an exponential  func tional  form:
pc(z)  = pc0e2kz , (0<Z£H)
= pcQ , (z<0 )
= pc0e2kH , (z>H), ( J .2 )
where H i s  the th ickness  of  the layer.
The form y  funct ion  has the  form:
'• -J
y  = K , (0<z<H)
= 0 , e lsewhere.  (J .3)
Since i t  was found t h a t  the r ec tangu la r  y funct ion as found in equation 
3 was causing a l i a s i n g  in the i t e r a t i v e  in teg ra l  used to  solve fo r  the 
r e f l e c t i o n  c o e f f i c i e n t ,  V, a 10% ra i sed  cosine funct ion  was used to  
shape both edges and reduce the s ide  lobes of  the transformed r ec tangu la r  
y  function .
APPENDIX K
DERIVATION OF THE REFLECTION COEFFICIENT FOR ARBITRARILY-SHAPED
INSONATED SURFACE
The ra d ia t io n  p a t te rn  f o r  a c i r c u l a r  p is ton  r a d i a t o r  i s :
The r e f l e c t i o n  c o e f f i c i e n t  f o r  t h i s  r a d i a t i o n p a t t e r n  can be approximated 
by summing the  secondary sources of  an insonated ob jec t  over the area 
covered by the main lobe.  The f i r s t  null  o f  the  Bessel function  i s  found 
a t :
where a i s  the radius  of  the p i s to n ,
k i s  the wavenumber = 2t t /a ,  and
e i s  the angle from the  normal to  the p is ton .
Therefore,
where b i s  the radius  of  the beam a t  the insonated o b je c t ,  and 
z Q i s  the depth from the p is ton  to  the  insonated ob jec t .  
Solving f o r  b g ives :
2 J^(ka s ine)
(K. l )ka sine
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